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Abstract 
The precipitation and crystallization of aluminum (oxy)hydroxides from chloride 
solutions by neutralization appears to be quite complex and depends on several 
parameters, namely, temperature, the OH/Al molar ratio, aging and solution composition. 
The precipitation of aluminum from AICh solutions was found to be complete at sub-
stoichiometric OH/Al ratios (typically - 2.7), and resulted in the production of an 
amorphous material that transformed to crystalline phases upon aging at OH/Al ~3. The 
predominant phases precipitated from 0.5M AICh solutions at 22, 60 and 95°C at an 
OH/Al ratio of 3 after 24 hours of aging were pseudoboehmite, bayerite and boehmite, 
respectively. Increasing the OH/Al ratio and aging time at both 22°C and 60°C promoted 
crystallization of bayerite over poorly crystalline boehmite. At 95°C, regardless of aging 
time or degree of neutralization, boehmite was consistently obtained. Increasing the 
AICh concentration to 2.0M proved to suppress the crystallization of bayerite at 22°C 
and 60°C, and favoured the crystallization of pseudoboehmite instead. Between the 
bayerite and pseudoboehmite products, the former exhibited the best settling behaviour 
(30% settled slurry density after 1 week), while settling did not occur at all for the latter. 
Precipitates produced from mixed AICh-NaCI solutions exhibited an increasing 
tendency to form pseudoboehmite over bayerite with increasing sodium chloride 
concentration. Upon neutralizing mixed AICh-MgClz systems, the final solution pH 
decreased significantly with increasing magnesium chloride concentration. Furthermore, 
increasing concentrations of MgClz promoted the precipitation of poorly crystalline 
mixed magnesium-aluminum-hydroxide hydrates, identified as Mg6Alz(OH)ls·4.5H20 by 
XRD. Increases in temperature (up to 125°C), aging time (48 hours) and OH/Al 
ratio (3.45) were unsuccessful in improving the crystallinity or transformation of these 
precipitates. 
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Résumé 
Les précipitation et cristallisation d'hydroxydes d'aluminium à partir de solutions 
chlorées, apparaît très complexe et dépend de plusieurs paramètres incluant la 
température, le rapport molaire de OH/Al introduit, le vieillissement et la composition de 
la solution aqueuse. La précipitation de l'aluminum est complet à un rapport molaire 
OH/Al de 2.7, et les produits sont amorphes. En vieillissant ces produits et en 
augmentant le rapport OH/Al ~3, les produits amorphes sont transformés en phases 
cristallines. Lorsqu'on neutralise des solutions de 0.5M AICh à un rapport molaire 
OH! Al de 3 à 22, 60 et 95°C, les phases qui dominent sont respectivement la 
pseudoboehmite, la bayerite et la boehmite, après 24 heures de vieillissement. A 22 et 
60°C, lorsqu'on augmente le rapport molaire OH/Al ou le temps de vieillissement, la 
bayerite cristallise plus aisément que la pseudoboehmite. A 95°C, indépendamment du 
temps de vieillissement ou du rapport OH/Al, la boehmite était obtenue de façon 
systématique. A 22 et 60°C, l'augmentation de la con?entration d'AICh à 2.0M a inhibé 
la cristallisation de la bayerite, et en contre partie, a favorisé la formation de la 
pseudoboehmite. La bayerite avait une vitesse de sédimentation plus rapide (le volume 
du dépôt correspondait à 30% du volume initial après une semaine) que la 
pseudoboehmite (aucun phénomène de décantation n'a été observé). 
Lorsque l'on précipitait des solutions mixtes de AICh-NaCI, une augmentation de 
la concentration en NaCI orientait la réaction de précipitation vers la formation de 
pseudoboehmite plutôt que de bayerite. En neutralisant des solutions mixtes de AICh-
MgCh, le pH final diminuait en fonction de l'augmentation de la concentration de 
MgCh. De plus, cette augmentation favorisait la formation de produits mixtes 
d'hydroxydes de magnésium-aluminium hydratés identifiés par diffraction X comme 
étant Mg6Ah(OH)18·4.5HzO. Ni une augmentation de la température (à 125°C), ni du 
temps de vieillissement (à 48 heures) ni du rapport molaire de OH/Al (à 3.45), n'a 
amélioré la cristallinité de ces produits. 
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Chapter 1: Introduction 
Aluminum, the most abundant metal in nature accounting for 8% of the earth's 
crust, usually exists in the form of oxide mineraIs such as bauxite [1]. This abundant 
mineraI is found in tropical and sub-tropical areas such as Africa, the West Indies, South 
America and Australia, as well as in Southem Europe. At CUITent production rates, 
aluminum ore reserves are estimated to last hundreds ofyears. Today, approximately 60 
million tonnes of aluminum hydroxide, as gibbsite, are produced each year with the 
Bayer process and are subsequently calcined to give alumina, Ab03. The Hall-Héroult 
electrolysis process remains the most important means by which alumina is subsequently 
converted to aluminum metal. From mining to metal production, nearly 4 tonnes of 
bauxite are needed to produce 2 tonnes of alumina, which are then converted to 1 tonne 
ofaluminum metal [1]. 
The Bayer process involves the digestion of aluminum-containing bauxite ores in a 
highly caustic solution. The ability to dissolve aluminum at high pH stems from its 
amphoteric nature, making it soluble in both acidic and caustic environments and 
therefore insoluble over the neutral pH range. While this process is highly effective and 
well established, it generates large quantities of undesirable waste in the form of red mud, 
composed mostly of iron, titanium and silica oxides, and it is not suitable for the 
processing of non-bauxite ores [1]. 
In the context of the Bayer process, the precipitation of aluminum as gibbsite, 
Al(OH)3, has been thoroughly studied. But in addition to precipitation of aluminum from 
alkaline solutions, considerable research has been conducted involving precipitation from 
acidic media. The latter research works were undertaken because of the important roles 
played by aluminum in areas such as medicine, water purification and soil toxicity among 
others. These studies, in their majority, have involved the precipitation of aluminum 
(oxy)hydroxides mainly from dilute solutions by either neutralization or forced 
hydrolysis-aging. 
While the precipitation of aluminum from di lute solutions in acidic media has been 
studied to a relatively great extent, the same is not true for concentrated solutions. 
Inorganic processing in that regard often makes use of concentrated chloride solutions. 
While dilute solutions tend to behave more "ideally", operating costs in 
1 
hydrometallurgicai processmg are directly related to the solution volume, therefore 
higher metal concentrations are used. 
The use of chloride metallurgy IS a re1ative1y new technology, as most 
hydrometallurgical processes have been traditionally based on well known principles of 
sulphate solution chemistry [2]. However, due to many advantages provided by chloride 
systems, such as the improved leachability of complex sulphide mineraIs in chloride 
versus sulphate solutions, strong complexation of precious metals, as weIl as the ability to 
regenerate the HCllixiviant by pyrohydrolysis, the use of chloride-based processing is 
becoming more widespread. An example of such a process is the dissolution of 
impurities from titaniferous slags with HCI for the purpose of preparing upgraded TiOz 
feedstocks [3]. Such solutions contain, among other salts, AICb and MgCh [4]. In the 
past, the production of aluminum via the HClleaching of non-bauxitic ores has also been 
investigated [5]. In connection to such industrial processes, the present study was 
undertaken with the objective of investigating the neutralization of concentrated 
aluminum chloride solutions and the influence of several parameters on the nature of 
solids precipitated. 
2 
Chapter 2: Literature Review 
2.1 Crystallization Theory 
Crystallization or precipitation of powders in an aqueous environment involves 
nucleation and growth from supersaturated solutions [6]. Supersaturation is the 
concentration in excess of the saturation concentration of a solution. Precipitation from 
supersaturated solutions can occur in either the "metastable" or "unstable" zone (see 
Figure 1). 
Ccr 
Unstable 
Zone 
, ü 
.... ~~ 
Metastable ' ........... . 
Zone 
pH 
Figure 1. Definition of unstable and metastable precipitation zones in terms of the solubility 
of metal hydroxides. 
The metastable zone is defined as the supersaturation range above the equilibrium 
concentration, Ceq, of the solute at given conditions (temperature and pressure) where 
crystals are formed without self-nucleating, but rather through growth on a surface. 
Conversely, in the unstable zone, spontaneous formation of crystals occurs as a result of 
homogeneous nucleation upon exceeding a critical concentration, Ccr• The boundary 
concentration between these two zones is defined as critical supersturation. 
Supersaturation of an aqueous solution is therefore the driving force for crystallization of 
particles, and can be induced in several ways. For example, supersaturation is achieved 
by decreasing the solubility of a particular component of the aqueous system through the 
addition of external reactants (e.g. adjustment of solution pH), or by changing the 
temperature. The most common method of achieving supersaturation is to provoke a 
chemical reaction that will produce an insoluble species [7]. 
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Crystallization can therefore be viewed as a phase transformation of a particular 
substance from its soluble to insoluble state, which can be represented in terms of a 
change in Gibbs free energy as in Eq 1. 
~G = !-l2 - !-lI Eq. 1 
where !-l2 and !-lI are the chemical potentials of phases 1 and 2, respectively. When 
~G < 0, the phase transformation is spontaneous, while if ~G > 0, the reaction is not 
thermodynamically feasible. When ~G = 0, the solution is considered saturated 
(equilibrium state). The Gibbs free energy terms can also be considered in terms of 
activity coefficients, as in Eq. 2. 
llO = -RT-In(: J = -RT'ln(S) Eq.2 
where R is the univers al gas constant, T the temperature and S the saturation ratio. The 
saturation ratio, S, represents a ratio of activity of a pure solute to the activity of a pure 
solute in equilibrium with a macroscopic crystal. By approximating the activity 
coefficients as being equal to 1, the saturation ratio is given by the relationship in Eq. 3. 
S=~ 
Ceq 
Eq.3 
where C is the solute concentration and Ceq the equilibrium concentration of the solute at 
the temperature and pressure of the system. Supersaturation can be expressed as: 
(C-Ceq ) • S -1 = ----'- Eq.4 
For ionic crystal precipitation, the solubility can be represented in terms of 
solubility product. Equations 5 and 6 illustrate how the reaction between two soluble 
ionic species to form an insoluble product is represented by the solubility product. In the 
case of aluminum hydroxide precipitation, the solubility is represented in the following 
manner: 
At3+(aq) + 30H"(aq) -+ AI(OH)3(s) 
Ksp = [At3+]eq[OH-]\q 
Eq.5 
Eq.6 
where [Ae+] and [OH"] are the ionic concentrations of aluminum and hydroxyl 
respectively, in solution. In this case, the saturation ratio can be written as: 
4 
[AI 3+]eq[OH-]!q 
S=------ Eq.7 
Thus, it can be shown through thermodynamic principles that crystallization is 
driven by supersaturation, however, it is the phase transformation kinetics which govem 
the rates of particle nucleation and growth. 
Supersaturation of aqueous solutions results in the precipitation of solid particles 
as a result of nucleation events. Nucleation can be subdivided into three main categories, 
namely: primary homogeneous, primary heterogeneous and secondary nucleation [6]. 
2.2 Nucleation 
2.2.1 Homogeneous Nucleation 
Homogeneous nucleation results from highly supersaturated solutions. 
Conventional theories suggest that molecules and ion-pairs combine to form loose 
aggregates or clusters or embryos which form and d~sappear until they reach a critical 
size at which they become stable and no longer redissolve. The critical cluster size is 
dependant on the degree of supersaturation, meaning that higher supersaturation yields 
large populations of tiny particles in the range of 40-20oA in size [8]. The high energy 
needed to form these new surfaces results in the precipitation of small particles whose 
crystalline structure is most likely amorphous; a fact which particularly applies to the 
precipitation of hydroxide species. 
According to Stranski's rule, homogeneous nucleation leads to the precipitation of 
the least thermodynamically stable phase from solution, first [8]. Because solubility 
increases with decreasing particle size, these small amorphous particles dissolve and 
recrystallize as larger, more stable species. Thus, with time, the crystallite size 
distribution tends to shift towards larger particle sizes. This process is called Ostwald 
ripening [9]. The kinetics of transformation depend on many solution parameters 
including temperature and pH. 
2.2.2 Heterogeneous Nucleation 
While homogeneous nUcleation involves the formation of new partic1es, 
heterogeneous nucleation involves deposition of new material on an existing foreign 
surface which has lower surface energy than a new partic1e. Thus, the lower energy 
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required for nucleation on existing surfaces allows precipitation to occur at lower critical 
supersaturation, as opposed to the larger amount of energy that is necessary for the 
formation of new nuc1ei. The resulting partic1es then grow in a slow, controlled manner 
which is more likely to yield crystalline phases. 
2.2.3 Secondary Nucleation 
The occurrence of secondary nucleation depends on the presence of solute 
partic1es in the supersaturated solution. This nuc1eation mechanism has been further 
c1assified into three categories: apparent, true and contact nuc1eation [10,11]. Apparent 
secondary nuc1eation results from the fragmentation of larger crystals. True secondary 
nuc1eation, also referred to as surface nuc1eation, occurs when seed partic1es of the same 
type as the precipitated compound are introduced into the system. Contact secondary 
nuc1eation occurs when solute particles come into contact with the reactor walls, the 
stirrer or even other solids, leaving behind residual solute particles. The rates of contact 
nucleation are thought to be dependent on factors such as stirrer rotation rate (rpm) , 
partic1e mass density, saturation ratio (S), as weIl as the size and geometry of the reaction 
vessel [12]. 
2.3 Growth Kinetics 
Once formed, nuclei begin the process of crystal growth which can be described 
at molecular, microscopic and macroscopic levels; it occurs via the following stages [6]: 
(i) Transport of solute from the bulk solution to the crystal surface. 
(ii) Adsorption onto the crystal surface. 
(iii) Diffusion over the surface. 
(iv) Attachment to a step. 
(v) Diffusion along a step. 
(vi) Integration into the crystal at a kink site. 
(vii) Diffusion of coordination shell of solvent molecules away from crystal surface. 
(viii) Liberation ofheat of crystallization and its transport away from crystal. 
These mechanisms can be viewed in several ways. The rate limiting step for 
crystal growth can be either the time necessary to establish nucleation sites, aggregation, 
the rate of reaction for chemical reactions, or the time needed for the solute to diffuse to 
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the crystal surface. The latter case involves relatively quick nucleation times effectively 
eliminating a concentration gradient across the diffusive boundary layer. 
These time-dependent stages are highly dependent on several factors which are 
related to the precipitation conditions. Among these factors are temperature, aging time, 
pH, mixing and solution composition. The effects of these factors on the precipitation of 
aluminum (oxy)hydroxide species are discussed in Section 2.7. 
2.4 Aluminum Speciation 
Before considering the factors influencing the precipitation of (oxy)hydroxide 
phases, the behaviour of aluminum in aqueous solutions should tirst be examined. The 
dissolution of an aluminum salt generates aluminum ions in solution. These Al ions are 
coordinated by six water molecules forming a tightly bound tirst hydration shell in 
octahedral coordination, giving Al(H20)l+ [13,14,15,16]. The high charge of the 
trivalent Al ion results in a loss of protons from the primary hydration shell, making 
aluminum a proton donor; this, in tum, leads to the formation of various hydrolysis 
products. At lower pH values, the predominant species of aluminum is Al(OH)(H20)l+, 
while AI(OH)4- predominates at higher pH [13,16,17]. 
The most debated topic with regard to aluminum speciation is the polymeric 
nature of the metal's hydrolysis products. In general, studies involving aluminum 
hydrolytic reactions during and subsequent to dilution of aluminum salt solutions, or the 
hydrolyzed Al species resulting from the dissolution of solid aluminum (oxy)hydroxide 
phases, can be reasonably explained in terms of mononuclear aluminum species. 
Theories involving polynuclear species of aluminum are applicable to hydrolytic 
reactions resulting from the addition of a base to an aluminum salt solution [13]. The 
latter case is of interest to this study. 
The existence of a polynuclear species AI13, or AI04AlnCOHh4(H20)127+ has been 
contirmed by Al NMR [13,18,19]. Its charge has been reported to range between +3 to 
+7 [19]. The development of AI13 polymers occurs through the neutralization of both 
chloride and nitrate aluminum solutions, while the use of aluminum sulphate solutions is 
detrimental to its formation due to the complexation of Al with sol- ions [20]. The 
stability of this polynuclear species is also heavily dependent on many factors including 
temperature, solution pH, base injection rate, stirring rate and even the shape of the 
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reaction vessel [13]. It is speculated that the neutralization of aluminum's net positive 
charge allows for polymers to condense into crystalline aluminum hydroxide solids [15]. 
Figure 2. Structure of the AI13 polymer (reproduced from Sposito [13]). 
2.5 Aluminum Oxyhydroxide Phases 
Several aluminum (oxy)hydroxide phases are known to exist. These include 
aluminum oxyhydroxides, AIOOH, such as diaspore, boehmite, and a po orly crystalline 
compound referred to as pseudoboehmite, along with polymorphs of aluminum 
hydroxide, AI(OH)J, including gibbsite, bayerite and nQrdstrandite. 
2.5.1 Aluminum Hydroxides, AI(OH)3 
Gibbsite (monoclinic) 
Gibbsite is a polymorph of aluminum hydroxide, ')'-AI(OHk Its crystallites are 
often large and highly crystalline regardless of whether they are found in nature or 
prepared in the laboratory. They appear as hexagonal plates due to their limited growth 
in the z direction, partnered with weIl developed growth in both the x and y 
directions [21]. 
Gibbsite typically fonns in acidic media, or at pH values in excess of 12 [19]. 
This aluminum hydroxide phase has also been synthesized through the aging of dilute 
aluminum salt solutions. 
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Gibbsite is an extremely important technical product. As mentioned earlier, each 
year, more than 60 million tonnes of the aluminum hydroxide polymorph are produced by 
the Bayer process. The majority of this synthetic gibbsite is used as an intermediate in 
the production ofaluminum metal [16]. 
Bayerite (monoclinic) 
Although bayerite, a structural variant of aluminum hydroxide, a-AI(OH)3, is not 
commonly found in nature, it can be easily synthesized in the laboratory. Its structure is 
similar to that of gibbsite, however the Al-OH layers have a different stacking sequence. 
Bayerite particles are most often seen as somatoids and resemble hour-glasses, cones or 
spindles [16]. 
This fonu of aluminum hydroxide can be precipitated from aqueous solutions at 
temperatures below approximately 100°C in alkaline pH conditions [19]. 
Despite the abundant occurrence of gibbsite in nature, experimental data has 
shown that bayerite is the more thenuodynamically stable polymorph of aluminum 
hydroxide. These findings are supported by the fact that bayerite has the highest density 
and symmetry amongst all aluminum hydroxide polymorphs [16]. 
Nordstrandite (triclinic) 
Nordstrandite is the third polymorph of Al(OH)3. It can be synthesized by adding 
ammonium hydroxide to aluminum chloride or nitrate solutions [16]. 
Nordstrandite layers are chemically and structurally identical to those of bayerite 
and gibbsite, however, impurities are thought to be a contributing factor to the difference 
in stacking sequence between these polymorphs [16]. 
2.5.2 Aluminum Oxyhydroxides, AIOOH 
Boehmite (orthorhombic) 
Boehmite, a fonu of aluminum oxyhydroxide, )'-AIOOH, is the major constituent 
of most bauxite ores. It can be synthesized by precipitation from aluminum salts 
solutions at temperatures above approximately 100°C [16]. 
Pseudoboehmite 
This solid species has no long range order and is typically made up of colloidal 
sized particles whose XRD pattern consists of diffuse peaks which coincide with those of 
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boehmite, '}'-AIOOH. This compound is commonly referred to as poorly crystalline 
boehmite, gelatinous boehmite or pseudoboehmite. It has been suggested that 
pseudoboehmite and boehmite share the same atomic arrangement at short distances, 
however, the former contains excess water between the elemental units [22]. 
Pseudoboehmite's gel-like quality results from the hydrophilic nature of the 
colloidal aluminum oxyhydroxide particles. The water content of these "gels" has been 
reported to be as high as 5 moles per mole of Ah03 [9], and can also contain varying 
amounts ofremnant anions from the mother liquor [16]. 
Pseudoboehmite forms in environments having low water-aluminum ratios, low pH 
or temperatures above approximately 800 e [16]. 
Aging of poorly crystalline boehmite leads to the formation of crystalline 
compounds. The rate and path of aging are strongly dependent on the solution 
conditions, namely temperature and pH and the presence of anions in solution which by 
their adsorption to the solids, interfere with the aging process [16]. 
Diaspore 
Although this aluminum oxyhydroxide, a-AIOOH, mineraI has been treated by 
the Bayer process for over one hundred years, it is less desirable than bauxitic ores made 
up principally of gibbsite due the higher temperatures required for their digestion [16]. 
2.5.3 Alumina, Ah03 
Corundum 
Alumina, Ab03, occurs in nature as the mineraI corundum. Industrially, alumina 
is produced via the calcination of aluminum hydroxide as seen in the Bayer Process. 
Gem quality corundum crystals exist in red and blue varieties and are known as ruby and 
sapphire respectively. Rubies owe their red colour to the presence of chromium, while 
the blue colour ofsapphire is related to the presence ofiron and titanium [16]. 
2.6 Hydroxide Precipitation 
Metal hydroxides can be precipitated by raising the pH of metal salt-bearing 
aqueous solutions. Many hydrometallurgical processes make use of this technique to 
remove undesirable metal species from leach liquors [23]. The metal hydroxide 
solubility diagram reproduced in Figure 3 indicates that the solubility line of aluminum 
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hydroxide lies approximately between pH 4 and 5 at 25°C. This diagram, however, is not 
applicable to aIl aluminum aqueous systems as these data refer to ideal solutions and do 
not take into account the possible precipitation of various aluminum (oxy)hydroxide 
speCles. The solid hydroxide species that result from precipitation are generally 
amorphous in nature, have poor settling characteristics, and tend to absorb unwanted 
impurities. 
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Figure 3. Metal hydroxide solubility diagram at 25°C (reproduced from Monhemius[23]). 
While the diagram prepared by Monhemius (refer to Figure 3) demonstrates metal 
hydroxide precipitation from acidic solutions, it must be understood that aluminum is 
amphoteric in nature meaning the solubility of its hydroxide increases once more in the 
alkaline region. This property is exploited in the Bayer process to successfully dissolve 
the aluminum bearing component of bauxite ores using caustic soda at very high pH. 
The variation of AI(OH)3 solubility with pH is better understood by referring to the 
diagram presented in Figure 4. According to this diagram, the steep slope representing 
concentration change versus pH implies that small changes in solution pH cause 
aluminum solutions to become highly supersaturated. Precipitation occurring at high 
supersaturation generally promotes the formation of large volumes of colloidal sized, 
poorly crystalline partic1es. Colloidal aluminum hydroxide is hydrophilic and easily 
coagulates to form gels [16]. 
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Figure 4. SoIubility of Aluminum Hydroxide as a function of pH 
(reproduced from Wefers et.aI. [16]) 
2.7 Factors Affecting Aluminum (Oxy)Hydroxide Precipitation 
The following section serves as a summary of previous experimental work that 
has been done by researchers investigating the precipitation of aluminum from acidic 
solutions through the addition of base. The effects of several experimental parameters 
such as temperature, aging time, mixing, electrolyte composition and degree of 
neutralization are reviewed. 
2.7.1 Degree of Neutralization 
The degree of neutralization is defined as the molar ratio of OH ions added to the 
dissolved aluminum present in the starting solution. Because the degree of neutralization 
is a measure of the ratio of base added relative to the aluminum present in solution, it can 
also be thought of as the effect of pH on precipitation. For example, increasing the 
amount of base added to solution in order to increase the OH/Al ratio, leads to an 
increase in the solution pH. 
Previous research has determined that the degree of neutralization or OH/Al ratio 
is a critical factor in the preparation of crystalline aluminum (oxy)hydroxide phases. A 
critical OH! Al molar ratio of 3 was previously identified as the ratio at which the 
precipitation of crystalline aluminum hydroxide phases occurs, within relatively short 
aging times (i.e. less than 24 hours) at ambient temperature, 25°C [15]. At this ratio, it is 
speculated that the net positive charge of aluminum disappears, allowing for polymers 
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such as Al13 to condense into crystalline Al(OH)3 solids, namely bayerite. While bayerite 
formation occurs upon increasing the OH/Al ratio of the solutions to 3 followed by a 
short aging time, gibbsite has been produced at ratios as low as 1.5 when the solutions 
were allowed to age for a number ofweeks [24]. These results are consistent with reports 
which state that gibbsite forms at pH below 5.8 [25], while bayerite formation has been 
reported to occur upon raising the pH to between 5.8 and 12 [25,26,27]. Further increase 
of pH to above 12 once again results in gibbsite formation [26]. Judging from the 
solubility diagram of Figure 4, at this high pH eorresponding to an OH/Al ratios 
of> 3, a portion of the aluminum is not eompletely precipitated but remains in solution, 
presumably in the form aluminate, Al(OHk [19]. 
2.7.2 Mixing 
The precipitation of aluminum has also been found to be sensitive to the type of 
mixing in the reaetion vessel. Generally "good" and "bad" mixing ereate competition 
between the formation of polymerie versus solid aluminum species during the 
neutralization of aluminum salt solutions using a base. High intensity mixing is reported 
to favour the precipitation of amorphous aluminum hydroxide species. Conversely, poor 
mixing favours the formation and longer existence of polymerie species [28]. 
The effeetiveness of mixing in the system ean also serve to dissipate localized 
poekets of supersaturation that are ereated when a base is added to an aluminum salt 
solution. In neutralizing aluminum ehloride solution~ through the addition of base, the 
formation of loealized high alkalinity at the point of its introduction is unavoidable and 
these poekets of high supersaturation eould favour the formation of polymerie aluminum 
speeies. By inereasing the intensity of mixing, the formation and proliferation of sueh 
polymerie species is curtailed by the dual effect of supersaturation reduetion and 
polymerie cluster dissociation henee leading to crystallization of aluminum hydroxide 
particles. Similarly, faster neutralization rates ean cause poekets of high alkalinity and 
loealized supersaturation to develop, thus favouring the formation of aluminum 
polymerie species. 
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2.7.3 Temperature 
Many researchers have investigated the precipitation of aluminum from salt 
solutions, however, a vast majority of the studies were conducted at ambient temperature 
as they were intended to investigate the behaviour of the system in soil-like conditions. 
Generally, when precipitating solids from' an aqueous system, increased 
temperatures are beneficial as they favour the dehydration of the solids and accelerate the 
crystallization rate. Therefore, increases in temperature favour the enhancement of 
crystallinity [8]. Along with the degree of crystallinity, temperature also influences the 
phase of the precipitated (oxy)hydroxide compound. 
In sodium aluminate solutions, transition from AI(OH)3 to AIOOH occurs at 
approximately 80°C [16]. With increasing temperature, the aluminum hydroxide is 
dehydrated to aluminum oxyhydroxide, as in Eq. 8. 
Eq.8 
Aluminum hydroxide is sometimes expressed as Ah03'3H20, while Ah03'H20 
represents aluminum (oxy)hydroxide. 
Figure 5 illustrates that by increasing the amount of Na20, the transformation 
temperature decreases due to the decreasing activity ofwater in the system [16]. 
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Figure 5. Transformation temperature of AI(OH)3 to AIOOH with varying concentrations 
of Na20 (reproduced from Wefers et al. [16]) 
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In the Ah03-H20 system, the stable solid phases in equilibrium with the solution 
are: gibbsite or bayerite at temperatures below 100oe, boehmite or diaspore in the 
temperature range 1000e to 365°e, and corundum above these temperatures [16]. 
2.7.4 Aging 
Aging is the aqueous-mediated process by which the physical properties of a solid 
phase change as a result of various recrystallization mechanisms. A typical aging process 
transforms amorphous phases to crystalline modifications via the dissolution-
recrystallization mechanism [29]. Freshly precipitated metal hydroxides usually contain 
non-structural water which tends to be released given time as a result of lattice 
reorganization and growth of crystalline partic1es [9]. 
In the case of aluminum hydroxide, it is relatively insoluble in the pH range 4 to 
8.5; however, its solubility rises quite steeply at either end ofthis range as was previously 
seen (refer to Figure 4). Due to the narrow pH range over which aluminum hydroxide 
becomes insoluble, the addition of base to an acidic aluminum solution, no matter how 
slow, leads to high supersaturation, which results in the rapid and voluminous 
precipitation of colloidal aluminum (oxy)hydroxide partic1es of low crystalline order. 
The hydrophilic nature of these solids favours the formation of gel-like solids [16], 
consistent with gelatinous boehmite or pseudoboehmite, which have been described 
earlier [9,22]. The subsequent time necessary for transformation of the precipitated 
solids or gels from "amorphous" to crystalline is quite extensive and can be significantly, 
ifnot indefinitely, retarded by the presence offoreign salts or anions [16]. Depending on 
the solution parameters, such as temperature of crystallization and pH, the kinetics of 
transformation can be greatly improved. 
Generally, the aging of aluminum (oxy)hydroxides is more rapid at higher pH 
values [30]. The neutralization of aluminum salt solutions to OH/Al ratios above 3, 
results in the "rapid" formation as aluminum hydroxide (i.e. < 24hrs) in the form of 
bayerite. On the other hand, an extensive aging time is required before crystallization 
occurs for solutions neutralized to OH/Al ratios below 3. In solutions whose pH is 
generally less than 5.8, precipitation occurs very slowly (i.e. weeks to years) and results 
in the formation of aluminum hydroxide, AI(OH)3, as gibbsite. 
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Due to the wide variety of conditions from which aluminum species are 
precipitated, the formation of crystalline phases from partially neutralized aluminum 
chloride has been reported to take between hours and years, with sorne studies observing 
no solid formation even after a de cade ofaging [13]. 
2.7.5 Background Salts 
Except for very dilute (ideal) solutions, the activities of ions and salts differ 
significantly from their measurable concentrations. In concentrated solutions, activity 
coefficients tend to rise due to changes in the activity and structure of water, which in 
tum depends on the solvation of both cations and anions in solution [31]. In chloride 
systems, the addition of chloride salts to Hel solutions increases the activity of the acid 
as seen in Figure 6 and consequently decreases the activity of water. While the added 
chloride salts reduce water activity (because of the solvation of their cations) and cause 
the activity of H+ protons to rise, the activities of poorly solvated cr ions remain 
essentially unchanged [31]. 
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Figure 6. Effect of chio ride salts, N aCI and CaCh, on the activity of hydrochloric acid. 
(reproduced from Muir [31]) 
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Besides influencing the activity of protons in the solution, the addition of salts, 
and therefore the influence of foreign anions and cations, has been investigated in an 
attempt to understand the formation mechanisms of various aluminum (oxy)hydroxides. 
Chloride ions, for example, are thought to lower the pH of maximum precipitation from 
aluminum salt solutions [32], and also act as bridges for Ain units which aid in 
precipitation of aluminum hydroxide species. 
The aluminum (oxy)hydroxide phase precipitated is also strongly dependent on 
the activity of water in the system. In cases where a strong electrolyte is present, the 
dehydration of aluminum hydroxide occurs to yield aluminum oxyhydroxides [16]. The 
temperature of transition from aluminum hydroxide to aluminum oxyhydroxide, as 
deduced from Eq. 9 and as illustrated in Figure 5, is also a function of water activity in 
the aqueous system [16]. 
AI(OH)3 - AIOOH + H20 Eq.9 
When measunng the effectiveness of various anions III the precipitation of 
pseudoboehmite over bayerite, they can be arranged in the following order: cr> CI04- > 
N03- > Br" > r [33]. The relative effectiveness of various cations or anions in favouring 
the precipitation of pseudoboehmite versus bayerite is generally related to their ionic size, 
and therefore to their hydration energy [28]. It has also been concluded that for a given 
NaCI concentration, increasing the OH/Al ratio favours the formation of bayerite over 
pseudoboehmite [33]. However, when the water present in the system is insufficient to 
satisfy the hydration capacity of high salt concentrations, aluminium ions become 
dehydrated leading to polymerization and formation of gel-like solid phases [16]. 
Poorly crystalline phases such as pseudoboehmite are thought to be unstable, and 
to gradually transform into bayerite upon aging [28]. The time necessary for this 
transformation is strongly dependent on factors such as pH, salt concentration and 
temperature. Furthermore, the presence of anions in solution may also promote the 
fonnation of basic aluminum salts [34,35]. This may occur because of the substitution of 
foreign anions for hydroxyl ions during aluminum precipitation or the incomplete 
replacement of cr ions by OH- which is necessary in order to form crystalline aluminum 
hydroxide phases [36]. This substitution is facilitated when the anion and OH- are 
similar in size. Thus the tendency of foreign anions to'become incorporated in aluminum 
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solids decreases with their increasing size and structural complexity [35]. Altematively, 
the strong bonding of anions to the positively charged solute precursor species can be 
explained by the formation ofhydroxyl salts (e.g. alUl;ninum hydroxyl chlorides) at high 
anion concentrations. Finally, anion adsorption contributes to the observed retardation on 
the crystallization of gels [37]. Chloride ions become adsorbed by electrostatic attraction 
to positively charged aluminum hydrolysis products that form at low pH. Adsorbed cr 
can be desorbed by leaching with water [38]. The concentration of chlorides contained in 
aluminum gels is proportional to the volume ofwash water used [39]. 
In addition to inhibiting the precipitation of crystalline aluminum (oxy)hydroxide 
phases, impurities have been found to adsorb to the aluminum gels which form. The 
adsorption mechanism strongly depends on the surface charge characteristics of the 
aluminum hydroxide gels formed as determined by the pH of point of zero charge (PZC). 
In the case of magnesium, Mg2+ ions have been found to be completely adsorbed onto 
aluminum oxyhydroxides or chloride-containing aluminum gels whose surface charge is 
negative, presumably under high pH condition favouring the formation of AI(OHk ions 
(i.e. when OH/Al ratio exceeds 3) [40]. 
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Chapter 3: Experimental 
3.1 Materials 
Stock solutions were prepared using Fisher brand AICh·6H20, MgCh·6H20, 
NaCI and HCI, diluted with de-ionized water prepared using the EASYpure RF system to 
<18~S. Unless otherwise stated, O.5M AICh al one or with an added background 
electrolyte of MgCh or NaCl, solutions were used in this work. AlI solutions were 
acidified with O.lM HCI to prevent premature aluminum hydrolysis. The bases used for 
neutralization were Aldrich brand MgO (light), as weIl as various concentrations of 
certified Fisher brand sodium hydroxide (NaOH). 
3.2 Laboratory Set-up 
Two neutralization set-ups were used for the laboratory work. The first consisted 
of an Erlenmeyer flask (250-500 mL size) submerged in a water bath heated to the 
desired temperature. The solution was agitated using a magnetic stirrer. This set-up was 
used mostly during the early stages of the investigation, but it was abandoned later in 
favour of the second set-up when it was realized that the two set-ups yielded different 
products. This will be discussed in further detail in Section 3.3 .1. The second set-up, and 
more often used equipment, consisted of an 800mL beaker placed on a hot plate and 
stirred using mechanical agitation with a PVC marine-type impeller at 850 rpm. Addition 
of the neutralizer (typically NaOH), to the reactor on the surface of the agitated solution, 
was accompli shed with the aid of a peristaltic pump. 
Once the neutralization of the solution and agmg were completed in the 
mechanically agitated vessel, slurries were subjected to pressure filtration except in 
certain long-term aging tests when they were magnetically stirred at the reaction 
temperature for several months. 
Unless otherwise stated, all data (neutralization and equilibration) were generated 
with the mechanically stirred reactor set-up. 
3.3 Procedure 
Numerous neutralization tests were carried out at temperatures between 22°C and 
95°C, with the temperature being controlled by programmable heating plate equipped 
with a thermocouple. A typical neutralization test involved the slow addition ofbase at a 
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rate of approximately 1 mL/min into a mechanically agitated 300mL aluminum chloride 
solution using a pump (usually over a period of 1.5 hours). Tests were also conducted by 
varying the base addition rate between 0.5 mL/min and 10 mL/min, however no 
significant difference was seen in the precipitates; thus, 1 mL/min became the standard 
addition rate. Agitation of the neutralized slurry continued for an additional 24 hours 
from the end of base addition to allow for crystallization of the powdered precipitate. 
The precipitated solids were then filtered through a O.I!lm membrane using a pressure 
filter at 50psi, washed with deionized water and driea at between 40°C and 60°C until 
constant weight was attained. The dried powders which were heavily agglomerated were 
then milled using a mortar and pestle prior to their analysis and characterization. 
3.3.1 Mixing 
Barly testwork involving the neutralization of aluminum chloride solutions was 
conducted in both the mechanically agitated and magnetically stirred systems. It was 
observed afterwards that although several key parameters such as temperature, OH/Al 
ratio and base addition rate were kept constant, the resulting solid phases precipitated 
from the two reactor types were significantly different. Upon neutralization of a O.5M 
AICh solution to an OH/Al ratios of 3 at ambient temperature, a poorly crystalline 
boehmite phase (pseudoboehmite) was obtained after 24 hours of aging in the 
mechanically agitated system, while the same test perforrned in a magnetically stirred 
flask produced solids exhibiting a well developed x-ray diffraction pattern corresponding 
to bayerite, a polymorph of AI(OH)3 along with a minor fraction of pseudoboehmite, as 
illustrated in Figure 7. 
The degree of crystallinity in the bayerite obtained in magnetically stirred flasks 
was, however, not reproducible and varied from one test to the other; the solids 
characterized in Figure 7 depict one of the best crystalline products obtained. On the 
other hand, all experiments perforrned in the mechanically agitated system consistently 
produced poorly crystalline boehmite (AIOOH). 
20 
5000 J 
4500 
4000 
3500 
tA 3000 
-r::: 2500 ::::s 
0 
Bayerite 
(.) 2000 
1500 
1000 
500 
0 
10 20 30 40 50 60 70 80 
Angle (29) 
Figure 7. XRD patterns for solids precipitated at 22°C after 24 hrs of aging from 
magnetically and mechanically agitated O.5M AlCh solutions by neutralization using 5N 
NaOH at OH/Al ratio of 3. 
The observed discrepancy between the two reactor systems most likely arose 
because of the differences in mixing conditions. As discussed in the Section 2.7.2, 
mixing plays a critical role in the hydrolysis-polymerization-crystallization reaction 
sequence of aluminum (oxy)hydroxides. Apparently, the poor mixing of the magnetic 
stirring system led to the formation of polymeric aluminum species which are thought to 
act as precursors to the formation of bayerite while in well mixed systems (as is the 
mechanical agitation system used here), the formation of poorly crystalline species (e.g. 
pseudoboehmite) was favoured [28]. 
Given that industrial reactors are mechanically agitated and the magnetically 
stirred system did not generate reproducible results, aU remaining neutralization tests 
were conducted in the mechanically agitated reactor set-up. Magnetic stirring was 
employed only in the case of long-term aging tests whose results are presented in 
Section 4.1.4.2. 
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3.3.2 Washing 
The washing of the precipitated solids proved to be a challenge because of their 
poorly crystalline nature, fine particle size and gel-like properties. Simple rinsing of the 
filter cake by passing water through the pressure filter was not sufficient in removing the 
entrained chloride salts from the solids. The incomplete removal of these salts during 
washing resulted in NaCl and MgClz being identified in the solids when analyzed by 
XRD. Acceptable levels of chloride in the solids were obtained by re-suspending 
(repulping) the precipitated aluminum (oxy)hydroxide solids in deionized water 
(~15 g/L) in a magnetically stirred flask. This was repeated several times. After each 
repulping cycle, the generated wash water was tested for chloride content through the 
addition of silver nitrate. Any free chloride ions present reacted with the silver solution, 
rendering the water from clear to murky white depending on the total chloride 
concentration due to the formation of insoluble sil ver chloride. 
The standard washing procedure following filtration of the precipitated solids 
from the mother liquor therefore became a series of cycles of their re-suspension in a 
volume of deionized water at ambient temperature approximately equal to the original 
volume of the slurry sample collected. The repulping of the precipitates was repeated 
until the wash water was essentially free of chlorides. 
In general, washing became more difficult as the number of repulping and 
filtering cycles increased. This was possibly because of the lowering of ionic strength 
that is known to favour particle coagulation in addition to the fragmentation of 
agglomerated particles by the magnetic stirrer. In cases where the solids appeared gel-
like, filtration became slower with increased washing due to increasing viscosity [39]. 
During the early stages of investigation, methanol was proposed as a washing 
solvent as it was thought that its use would prevent the loss of water soluble amorphous 
fractions of the precipitate and would also improve their dehydration. However, it was 
observed that washing with methanol improved the crystallinity of the precipitates. This 
is exemplified with the XRD patterns presented in Figure 8 of samples obtained by 
neutralization at 22°C in magnetically stirred flasks after 2 hours of equilibration but 
washed by either repulping in deionized water or methanol. 
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Figure 8. Solids precipitated from mechanically stirred AICh solutions at 22°C at an OH/Al 
ratio of 3, aged 2 hours and washed with deionized water (left) or methanol (right). 
A significant improvement in the crystallinity of the bayerite phase present in the 
sample was observed in the product washed in methanol. This is in agreement with 
previous observations which confirm that the mixture of amorphous aluminum 
hydroxides with water and various alcohols results in the production of crystalline 
aluminum (oxy)hydroxide phases [41]. Despite the beneficial influence of methanol 
washing on the crystallinity of the precipitates, alcohols were abandoned as a washing 
medium because of their effect on the produced phases that potentially complicates the 
correlation between precipitation conditions and the resultant phase. Furthermore, the 
use of alcohols is not desirable in industrial hydrometallurgical operations. 
A concem associated with washing was to avoid further aging of the solids in a 
medium other than the mother liquor from which they were precipitated. While several 
cycles of washing were necessary for the removal of any entrained or adsorbed chloride 
salts from the solids, the length of time for which the precipitates were re-suspended was 
kept to a minimum (~20 minutes) to minimize any possible aging effects in the wash 
water. Further assurance that no reasonable aging occurred during this multi-cycle 
washing sequence is the fact that the pH of the wash water was not alkaline (pH ~ 6) and 
that the precipitates had been aged for 24 hours before being washed. Partially aged 
hydroxides are more resistant to change than freshly formed precipitates [42]. 
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3.4 Analysis 
3.4.1 pH Measurement 
Solution pH was measured using a Cole Palmer double junction KN03 gel 
electrode due to its ability to function at high temperatures (up to 120°C). The pH meter 
was calibrated at 25°C prior to each experiment using four buffer solutions at pH 1, 4, 7 
and 10. 
3.4.2 Aluminum Concentration 
Aqueous solutions were analyzed for aluminum concentration by means of atomic 
absorption spectroscopy using a nitrous oxide flame and the 309.3 nm absorption line. 
Both Perkin Elmer and Varian AA systems were used to complete sample analyses. 
Samples were diluted between 10 and 250 times using de-ionized water acidified with 
HCI to pH~l, to ensure that the aluminum concentration was between 0 and 60 ppm 
corresponding with the working range of the calibration curve. A small amount of LaCi), 
approximately 0.15 wt%, was also added to aIl samples as a matrix modifier. The 
addition of an alkali salt enhances the detection of aluminum during atomic absorption 
spectroscopy by suppressing ionization which could lead to interference during 
measurement [13]. 
3.4.3 Settling Rates 
In order to measure the settling rate of the solids produced, a 100mL sample of 
the slurry was transferred into a graduated cylinder at the end of sorne of the precipitation 
tests after the standard 24 hour equilibration period, and subsequently placed in an oven 
heated to the temperature at which the neutralization was carried out. The height of the 
solids settled from the mother liquor was recorded periodically for 1 week. 
3.4.4 XRD Analysis 
The washed, dried precipitates were analyzed by X-ray diffraction using a Rigaku 
Rotaflex D-Max diffractometer equipped with a rotative anode, a copper target, a 
monochromator composed of a graphite crystal, and a scintillator detector. The 
diffractometer was operated at 40 kV and 20 mA. Samples were scanned between 10° 
and 800 with a step size of 0.1 0 and an acquisition time of 3 seconds per step. 
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3.4.5 Scanning Electron Microscope Imaging (SEM) 
SEM images were taken using a Hitachi S-4700 FEG-SEM (Field Emission Gun 
Scanning Electron Microscope). Prior to microscopic examination, partic1es were 
deposited on a carbon film and coated with a thin layer of AuPd. 
3.4.6 Transmission Electron Microscope Imaging (TEM) 
TEM images and diffraction patterns were obtained using the FEG-TEM (Field 
Emission Gun Transmission Electron Microscope) JEOL 2100F. Samples were prepared 
by dispersing a small amount of the solid powder of interest in methanol which was then 
placed in an ultrasonic bath for approximately 5 minutes. A drop of the suspension was 
then deposited on a Cu grid with an amorphous carbon film. 
3.4.7 Thermogravimetric Analysis (TGA) 
Thermogravimetric analysis was done using TASystemsQ500. Precipitates from 
various experiments were collected, washed and dried prior to analysis. The analysis 
consisted of heating the samples from ambient temperature to 700°C at a scan rate of 
20°C per minute in a platinum crucible. At this temperature, the aluminum 
(oxy)hydroxide phases are known to transform into alumina (Ah03) [43] and therefore, 
the initial fraction of aluminum (%AI) contained in the samples could be calculated. 
Although the powders were dried at 100°C to constant weight prior to analysis to 
eliminate any adsorbed water (moisture), the results of the analysis showed weight-Ioss 
ofup to 8% during heating from room temperature up to 100°C. The weight-Ioss up to 
100°C was considered to be due to the water trapped inside the heavily agglomerated 
partic1es, while the weight-Ioss from continued heating up to 700°C was attributed to the 
loss of structural H20 and OH associated with the conversion of aluminum 
(oxy)hydroxides to alumina. 
The percent aluminum contained in the precipitated solids was calculated as per 
the following method. 
Alumina contains 52.9% aluminum by weight. 
OIAI - (2 * molAI) (2* 27g/mol) 100 529 E 10 
10 A1203- X =. q. (2 * molAI + 3 * molO) (2 * 27g / mol + 3 * 16g / mol) 
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Therefore, 52.9% of the mass of solids remaining after heating during TGA to 
700°C could be attributed to aluminum. The law of mass conservation stipulates that the 
amount of aluminum contained in the sample does not change during heating, therefore 
the final mass of aluminum is equal to the initial mass of aluminum in the precipitated 
product. 
Wf x 0.529 = mAlf = mAli Eq. Il 
Finally, by dividing the mass of aluminum contained in the precipitate by its 
original weight at 100°C to eliminate the mass due to non-structural water, the fraction of 
aluminum in the precipitate is obtained. 
mAl; = 0/ Al 
10 ppl 
w; 
Eq.12 
where Wf is the mass of alumina subsequent to heating to 700°C, mAli the mass of 
aluminum found in the initial sample, Wi the initial mass of the precipitated solids at 
100°C and %Alppt the fraction of aluminum in the original precipitate. 
3.4.8 Raman Spectroscopy 
Raman spectroscopy was performed on selected samples in order to confirm the 
phase identification of the precipitates obtained by XRD. The instrument used was the 
Renishaw In Via Raman Microscope operated with argon. The samples required 20-30 
seconds of photo bleaching under the laser prior to analysis. Subsequently, the laser 
power was set at 25mW at the power box, about 12mW at the laser exit and 5-6mW at 
the exit of the microscope with the short distance objective set at 50X, making the beam 
approximately 5-6 microns wide. A retention time of 30-50 seconds on the detector and a 
1800mm grating was chosen to scan the energy (i.e. 150-4000cm-1). A calibration was 
done before data collection, to ensure the quality and reproducibility of the measurement. 
For this purpose, an internaI silicon standard was used whose the intensity range is 
usually 9000-12000 counts at 520±1 cm-1 with a resolu.tion of FWHM ~4cm-l. 
3.4.9 Particle size 
Partic1e size distributions were measured using a HORIBA LA-920 Partic1e Size 
Analyzer using isopropanol as the dispersion medium. Analysis of the fresh precipitates 
in the mother liquor revealed inconsistent distributions of extremely large partic1e sizes 
sometimes in the order of 1 OO~m, signalling significant agglomeration of solid species. 
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Ultrasound proved ineffective in breaking/dispersing these agglomerates. These 
measurements differed by several orders of magnitude from crystallite size estimates 
made using the Scherrer equation and also from visual observation from both SEM and 
TEM images. Also, the non-spherical crystal shapes associated with aluminum 
(oxy)hydroxide phases further complicated the measurement of particle size. Due to 
these discrepancies, particle sizes for the various precip'itated species are not reported. 
3.5 Base Used 
Three bases were used: sodium hydroxide - NaOH, dry magnesium oxide - MgO 
and slaked (Mg(OH)z). The vast majority of neutralization tests were carried out using 
sodium hydroxide of variable strength (I-ION), while the remaining bases were used 
selective1y for comparison purposes. 
Sodium hydroxide was added in aqueous solution (typically 5N) to the aluminum 
salt solutions at a constant rate of approximately 1 mL/min. Dry magnesium oxide was 
added manually at a relatively slow rate. Due to the time necessary for the dissolution of 
the MgO powder in the solution and the inconsistent addition rate, this base was not 
widely utilized. Slaked magnesium oxide, Mg(OH)z, was made by mixing dry MgO with 
deionized water to a final concentration of 2.5M matching that of the aqueous sodium 
hydroxide used. The resulting slurry was added by pump at a rate of approximately 
0.5 mL/min to the mechanically agitated aluminul1'l chloride solution. Despite the 
suspension of MgO in water, the dissolution of the base in solution remained an issue. 
The use of dry or slaked MgO was limited to the mixed electrolyte system where it is 
discussed further. 
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Chapter 4: Results and Discussion 
4.1 The Aluminum Chloride System 
The work presented here facuses on neutralization of the pure aluminum chloride 
system and aims to serve as a baseline for the understanding of the precipitation of 
aluminum from more complex solutions in which a background electrolyte such as 
MgCh or NaCI is present. The results from the investigation of the latter system are 
presented in Section 4.2. 
4.1.1 Analysis of a Typical Neutralization Experiment 
Aluminum was precipitated from chloride solutions of varying concentrations, 
typically O.5M, by a combination of neutralization-equilibration treatment of typically 24 
hour duration at different OH/Al ratios between 2.85 and 3.15 and temperatures between 
. 
22 and 95°C. By varying these parameters, several phases of aluminum (oxy)hydroxides 
were precipitated in varying degrees of crystallinity including bayerite, a-AI(OH)3, 
boehmite, )'-AIOOH and pseudoboehmite, a poorly crystalline boehmite phase. These 
solids were subsequently identified by XRD analysis and other techniques. In addition to 
XRD solid phase characterization and correlation to applied precipitation conditions, 
several titration tests (described in Appendix A) were carried out as a means of 
monitoring solution phase changes that are believed to be linked to the formation and 
evolution of precursor aluminum hydrolysis species that lead to aluminum 
(oxy)hydroxide nucleation. Before a detailed account of the obtained results from the 
various tests is given, it is deemed necessary to analyze a typical titration test and to 
describe the resultant (oxy)hydroxide phases. 
In Figure 9, the titration curve for a neutralization test run at 60°C is plotted as pH 
versus OH/Al malar ratio along with the accompanied variation in aluminum 
. 
concentration. Several observations can be made. 
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Figure 9. Variation of aluminum concentration and pH as a function of OH/Al ratio upon 
neutralization of O.5M AlCh solution at 60°C. 
First, it can be observed that aluminum concentration decreased modestly in a 
nearly linear fashion up to an OH/Al ratio of aboJlt 2.5 and subsequently dropped 
precipitously to near zero. The linear decrease was not due to aluminum (oxy)hydroxide 
precipitation, but rather to the dilution of the solutions through the addition of the base 
(SN NaOH) solution. In terms of pH changes, the initial "negative" OH/Al ratio 
represents the excess base which had to be added to neutralize the free acidity of O.IN 
HCI added during the preparation of the O.SM AICh solution as was described in the 
Section 3.1. The pH continued to increase up to a value of 2 at an OH/Al ratio of -0.2, 
marked as point A on the curve, signifying that no hydrolysis had occurred to this point. 
Between points A and B (OH/Al = 0.2 - 2.3), a pH plateau was observed, extending from 
pH 2 to 3. Apparently, this plateau arose from the neutralization of the added OH- by the 
protons generated by the induced hydrolysis reaction [44]: 
A13+(aq) + nH20 - Al(OH)(n}3-n)+(aq) + nH+ Eq. 13 
As it has been described in the literature for the neutralization of dilute aluminum 
solutions [44], it can be extended to this work that wit.h progressing addition of base, the 
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initially formed monomeric aluminum hydrolysis species, such as AI(OHi+, AI(OH)2 + 
and AI(OH)3°, undergo polymerization, leading to structures like AI13 (refer to Figure 2). 
L AI(OH)(3-n)+(aq) - Alm(OH)mn (3m-nm)\aq) Eq.14 
m 
Between points Band C, OHI Al - 2.3 to 2.4 or pH 3 to 4, the pH rose again 
without evidence of hydrolysis, most likely due to polymerie rearrangement (hydration 
water release-condensation) which occurs just prior to nucleation. Upon further 
increasing base addition to OHI Al ratios between 2.4 and 2.6, marked as points C and D, 
the pH exhibited a second plateau-like change or shoulder, between pH 4 and 5 where 
aluminum was almost completely precipitated from solution. The plateau-like pH change 
most likely signifies the partial neutralization of the added base by the conversion of the 
polymerie aluminum hydrolyzed species to aluminum hydroxide, AI(OH)3, particles [44]: 
Alm(OH)mn(3m-nm)+ + (3m-nm)OH- - mAI(OH)3(s) Eq. 15 
It is interesting to note that many researchers in the past have maintained that in 
the OH/AI range < 2.8, no precipitation occurs but only large polymerie species from AI13 
to AIs4 dominate [44]. These conclusions were drawn from experiments involving di lute 
solutions (5xlQ-3M AICi), O.OIN NaOH) at ambient temperature. 
Beyond point D, above an OH/AI ratio of2.6 and pH 5, the pH rose up to pH - 9 
(OHI Al - 2.8) and then entered a new plateau-like region. The pH rise suggests that the 
freshly nucleated AI(OH)3 had not undergone any apparent changes within the time scale 
of the experiment. A similar sharp pH rise between OHIAI ratios of2.5 and 2.8 has been 
previously reported for the di lute AICi) system, although in that case this was interpreted 
as an indication that the hydrolyzed polymerie Al species are stable in this range [44]. 
Finally, the plateau area at an OHIAI ratio of - 3 may be attributed to the possible 
. 
crystallization of the initially precipitated AI(OHk Altematively, it may also be due to 
surface charge reduction or partial dissolution of the aluminum hydroxide to form 
Al(OHt [44]. 
The particular titration test described in Figure 9 shows the neutralization to end 
at an OH/AI ratio of3. Other tests were terminated at ratios of2.85 or 3.15 OH/AI. 
Upon completion of base addition to the described target (typically 1.5 hour 
neutralization time), the fresh precipitates were found to be amorphous (this is discussed 
further in Section 4.1.5). This prompted the adoption of a 24 hour equilibration treatment 
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(aging) of the final neutralized slurry as a means 01 promoting the crystallization of 
precipitated hydroxide solids. The corresponding XRD patterns of the 24-hour 
equilibrium products obtained at different temperatures (22, 60 and 95°C) and an OH/Al 
ratio equal to 3 are shown in Figure 10. It can be seen that the product obtained at 22°C 
was poorly crystalline boehmite, otherwise called pseudoboehmite. At 60°C, the 
predominant phase formed was crystalline bayerite although a minor fraction of 
pseudoboehmite (characterized by the broad peaks at 28 = 14, 38 and 48°, marked PSB) 
can be identified as weIl. FinaIly, the phase obtained at 95°C was crystalline boehmite. 
The reference patterns used to identify these phases are presented in Appendix B. 
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Figure 10. Typical XRD patterns for solids precipitated after 24 hrs of aging from 
mechanically agitated O.SM AlCl3 solutions by neutralization using SN NaOH at OH/Al 
ratio of3. 
The effect of OH/Al ratio, temperature, AICh concentration and aging on the 
crystallization of the various (oxy)hydroxide phases are discussed and interpreted in the 
following sections. 
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4.1.2 Effect of Degree of Neutralization and Temperature 
The degree of neutralization of the solution is defined as the molar ratio of 
hydroxyl ions (OH-) added to Al after subtracting the amount corresponding to the initial 
free acidity ofO.1M HCL 
Although the precipitation of aluminum from solution was complete at ratios 
below 3, the effect of the OH/Al ratio on the precipitation of aluminum was investigated 
between 2.85 and 3.15 because of the evidence from literature [15] and the findings of 
preliminary tests which concluded that this parameter plays an important role in the 
crystallization of aluminum (oxy)hydroxide phases. The stoichiometric ratio is 
calculated on the basis of the following reactions: 
AICh(aq) + 3H20 - AI(OH)3(s) + 3HCI 
3HCI + 3NaOH - 3NaCI +. 3H20 
AICh(aq) + 3NaOH - Al(OH)3(s) + 3NaCl 
Eq.16 
Eq.17 
Eq.18 
At ambient temperature, 22°C, upon reaching an OH! Al ratio of 2.5, the slurry 
formed became quite thick and appeared to "solidify" into a viscous gel, impeding 
agitation and therefore preventing efficient mixing of the added base into the solution. It 
is possible that large aluminum polymeric species were formed, which were later 
depolymerised (broken-up) upon further base addition. This "solidification" persisted 
until an OH/Al ratio of 2.6, at which point the "solid" gelatinous mass tumed to a much 
less viscous slurry for the remainder of the neutralization and equilibration (aging) 
period. 
The XRD patterns of the precipitates obtained at different OH! Al ratios at 22°C 
are shown in Figure Il. The precipitate at an OH! Al ratio 2.85 was an amorphous 
aluminum oxyhydroxide phase. The crystallinity of these precipitated solids significantly 
improved upon increasing the ratio of base to aluminum (OH/Al = 3 and 3.15). The 
product obtained at an OH/Al ratio equal to 3 exhibited the characteristics of 
pseudoboehmite (poorly crystalline boehmite) while the product obtained at an OH/Al 
ratio equal to 3.15 was crystalline bayerite with sorne minor fractions ofpseudoboehmite. 
It is important to note that higher OH/Al ratios could not be used because of the risk of 
redissolvingthe precipitate given aluminum's amphoteric nature (refer to Figure 4). 
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Figure 11. XRD patterns of solids precipitated from O.5M AICh solution by neutralization 
with SN NaOH and 24-hour equilibration at 22°C. 
A similar trend in terms of phase formation was observed upon elevating the 
temperature of reaction to 60°C as seen in Figure 12. The solids produced at a sub-
stoichiometric ratio of 2.85 were amorphous (likely amorphous aluminum hydroxide), 
just as in the ambient temperature case. It was extremely difficult to wash these 
precipitates; the gel-like solids were nearly impossible to de-water. After the initial 
filtration from the mother liquor, only one cycle of repulping in water could be 
performed. The slurry produced at an OH/Al ratio of 3 was also very thick and difficult 
to handle as opposed to the OH/Al ratio of 3.15 produced material that filtered relatively 
weIl. Upon raising the OH/Al ratio to 3 and 3.15, crystalline products were obtained, 
whose diffraction patterns appear to be similar at first glance, however, on closer 
inspection, subtle differences can be distinguished. While the primary phase synthesized 
at 60°C at ratio of 3 and 3.15, was crystalline bayerite, AI(OH)3, the precipitates 
produced at the stoichiometric ratio (i.e. OH/Al = 3) contained a minor fraction ofpoorly 
crystalline boehmite as it can be deduced from the broad peaks located at 28 equal to 14, 
38 and 48°. 
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Figure 12. XRD patterns for solids precipitated from 0.5M AICh solutions at OH/Al ratios 
of 2.85, 3.0 and 3.15, at 60°C. 
Further elevation of the temperature to 95°C resulted once more III the 
precipitation of an amorphous product at an OH/Al ratio of 2.85 (amorphous boehmite), 
while at an OH/Al ratio of 3 or 3.15, the obtained crystaUine phase was not bayerite as 
was observed at 60°C, but rather boehmite as seen in Figure 13. 
While aU three products obtained at OH/Al ratios of 2.85 are described as 
"amorphous", they exhibit broad peaks corresponding to the principle phase precipitated 
at each of the respective temperatures, (i.e. pseudoboehmite at 22°C, bayerite at 60°C and 
boehmite at 95°C). 
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Figure 13. XRD patterns for solids precipitated from 0.5M AICh solutions at OH/Al ratios 
of 2.85, 3.0 and 3.15, at 95°C. 
A summary of the different phases of precipitated aluminum (oxy)hydroxides 
obtained as a function of OH! Al ratio and temperature 1s presented in Table 1. 
Table 1. Aluminum (oxy)hydroxide phases formed following the neutralization ofO.5M 
AICh solutions with 5N NaOH and 24-hour equilibration at different OH/Al ratios and 
temperatures. 
Temperature 
OHIAI 22°e 600 e 95°e 
2.85 Amorphous Amorphous Amorphous 
3.0 Pseudoboehmite Bayerite Boehmite (minor PSB) 
3.15 Bayerite Bayerite Boehmite (minor PSB) 
The data corresponding to the OH/Al ratio of 3.15 are consistent with the phases 
reported to forrn from sodium aluminate solutions, namely alurninum hydroxide at 
temperatures below 80oe, and alurninum oxyhydroxide above 800 e [16], despite the 
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different solutions (i.e. AICb) used in their preparation. The findings in this work, 
however, which indicated that poorly crystalline boehmite forrns at ambient temperature 
when the OH/Al ratio equals 3, rather than bayerite, AI(OH)3, was not anticipated. 
Earlier, reference was made to the problems experienced with the filtration and 
washing of the amorphous precipitates obtained at an OH/Al ratio of2.85. In an effort to 
establish the characteristics of the precipitates from a practical point of view, their 
settling behaviour was evaluated and the kinetic data are show in Figure 14. As expected 
due to their amorphous nature, the precipitates obtained at an OH! Al ratio of 2.85 hardly 
settled at aH. On the other hand, the settling behaviour of the crystalline precipitates 
obtained at OH! Al ratios of 3 and higher was also rather complex. The best settling 
characteristics were observed in the case of 22 and pO°C tests, when excess base was 
added during neutralization (OH/Al = 3.15). However, even in this case, no settling 
occurred during the first 100 minutes ("induction period"); subsequently, the precipitates 
settled down to 30% of the initial slurry volume after almost 10000 minutes (- 1 week) 
which represent extremely slow settling rates. As the XRD analysis showed, these 
precipitates were crystalline bayerite. It is interesting to note that no settling was 
observed from the solids forrned at an OH/Al ratio of 3 at 60°C which consisted of 
bayerite and a minor fraction of pseudoboehmite. Surprisingly, in the case of the tests 
ron at 95°C, (production of boehmite at OH/Al ratios of 3 and 3.15) no settling was 
observed. In fact, the solids appeared to be "floating" on the clear mother liquor which 
collected at the bottom of the graduated cylinder. This behaviour is evidently associated 
with the sub-micron particle morphology (particle size analysis failed to validate this 
presumption - refer to Section 3.4.9) and the high affinity ofthese phases for water. 
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Figure 14. SettIing profile for solids precipitated at OH/Al ratios between 2.58-3.15, at 22°C 
and 60°C. 
4.1.3 Effect of Concentration 
Although the 0.5M concentration used for the majority of the tests far exceeds the 
concentrations of previous studies which typically ranged from 10-5 to 10-2M, it is of 
interest to extend the study to even more concen~rated solutions because of their 
industrial relevance. The highest concentration of aluminum chloride in the mother 
solution was 2.0M and a series of tests was also performed using dilute solutions of 
0.05M at temperatures of 22, 60 and 95°C for comparison. Table 2 summarizes the 
concentrations of the mother solutions, and the bases used, as well as the final salt 
concentration of the solution after neutralization was complete. Once more, following 
neutralization, the resultant slurries were subjected to 24-hour equilibration treatment. 
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Table 2. Summary ofneutralization tests run with solutions of variable AICh 
concentration. 
TeC) [AI]j [HCI]j [NaOH]* Ratio [NaCI]r (mol/L) (mol/L) added (mollL) OH/Al (mol/L) 
22 0.05 0.1 1 3 0.2 
22 0.5 0.1 5 3 1.2 
22 2.0 0.1 10 3 3.8 
60 0.05 0.1 1 3 0.2 
60 0.5 0.1 5 . 3 1.2 
60 2.0 0.1 10 3 3.8 
95 0.05 0.1 1 3 0.2 
95 0.5 0.1 5 3 1.2 
95 2.0 0.1 10 3 3.8 
* Addition rate -1 mL/min. 
Final pH 
(@T) 
9.5 
9.7 
9.3 
9.0 
8.8 
8.8 
8.5 
7.5 
7.6 
Titration curves for the neutralization of 0.05M, 0.5M and 2.0M solutions to 
OH/Al ratio of 3 at 22°C are presented in Figure 15. In contrast to the titration curve 
presented in Figure 9 (0.5M AICh, 60°C), no shoulder at an OH! Al ratio of -2.5 is 
evident here. In addition, the plateau area between OH/Al ratios of 0.1 and 2.3 moves to 
lower pH range (0.7 to 3.3 vs. 2.5 to 3.8 for 2.0M and 0.05M respectively). Furthermore, 
from these curves, it can be seen that the final pH of each of these solutions upon 
neutralization was similar, namely 9.5, 9.7 and 9.3 for the 0.05M, 0.5M and 2.0M AICh 
solutions, respectively. These pH values decreased to 8.6, 9.1 and 8.8 following the 
standard 24 hour aging period. 
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Figure 15. Titration curves for AICh solutions of varying concentrations neutralized to an 
OH! Al ratio of 3 using N aOH, at 22°C. 
38 
The solids collected after 24 hours of aging in the mother liquor appeared c1ear 
and ge1-like and were consistently identified as poody crystalline boehmite in all cases as 
illustrated in Figure 16. While the solids precipitated from the dilute solution would be 
expected to be the most crystalline due to the lower levels of supersaturation, the quality 
of the solids as seen in the XRD reflections presented in Figure 16 was quite poor. The 
neutralization of D.5 and 2.DM AlCh solutions yielded poody crystalline boehmite solids 
of improved crystallinity over the dilute case. 
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Figure 16. XRD patterns of solids precipitated at OH/Al ratio of 3, from aluminum chio ride 
solutions of varying concentrations at 22°C aCter 24-hour equilibration. 
Upon increasing the reaction temperature to 6DoC, the initial concentration of 
aluminum had a much greater impact on the solids precipitated than at ambient 
temperature. From the titration curves presented in Figure 17, it is c1ear that the 
characteristic shoulder observed at an OH/Al ratio of 2.5 for the D.5M system is shifted to 
lower degrees of neutralization for the dilute case, ;vhile it disappears entirely when 
neutralizing concentrated solutions. The loss of the shoulder in the 2.DM AlCh system 
may signal a different polymerization-nuc1eation path. XRD analysis did indeed identify 
the phase formed from the 2.DM AlCh solution to be pseudoboehmite and not crystalline 
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bayerite as was obtained at lower concentrations as seen in Figure 18. These differences 
may be attributed to supersaturation effects. 
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Figure 17. Titration curves for AICh solutions ofvarying concentrations neutralized with 
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Figure 18. XRD patterns of solids precipitated at OH/Al ratio of 3, from aluminum chIo ride 
solutions of varying concentrations at 60°C after 24-hour equilibration. 
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The usual O.5M AICb concentration yielded bayerite with a fraction of poorly 
crystalline boehmite identified by broad peaks at 29 of 14, 38 and 48° still present 
corresponding to poorly crystalline boehmite. Upon diluting the aluminum concentration 
in the starting solutions by a factor of 10, the crystallinity of the solids precipitated was 
vastly improved from the more concentrated case. In addition to having much more 
sharply defined XRD reflections, signs of poorly crystalline boehmite disappear. 
Scanning and transmission electron microscope images of the solids obtained from the 
dilute system in Figure 19 and Figure 20 respectively, show that the crystals have an 
hexagonal base in the x and y directions, and grow in a pyramidal shape in the z 
direction, which is typically expected of bayerite [21]. The diffraction pattern obtained 
by TEM seen in Figure 20 confirms that the precipitate is indeed crystalline. 
Figure 19. SEM image ofparticles precipitated from 0.05M AICh solution at OWAI ratio 
of 3, at 60°C after 24-hour equilibration. 
Figure 20. TEM image and diffraction pattern of solids precipitated from 0.05M AICh 
solution at OWAI ratio of 3 at 60°C after 24-hour equilibration. 
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To confinn that the improved crystallinity observed in the solids precipitated from 
the diluted solution was due to the lower supersaturation and not to the reduced chloride 
concentration of the solution or increased water activity of the system, a test was 
perfonned using a solution of 0.05M AICh, O.IM HCI and 2.0M NaCl. In this case, the 
chloride content was higher than that found in the 0.5M AICh solution which was found 
to produce a predominantly bayerite phase mixed with sorne pseudoboehmite when 
neutralized at 60°C. As in the salt-free case, the phase produced from the dilute 
aluminum solution containing 2.0M NaCI at 60°C was pure bayerite with no evidence of 
pseudoboehmite fonnation. Furthennore, the intensity of the peaks was nearly identical 
when compared to those in the salt-free dilute case. The XRD reflections are presented in 
Appendix C. 
As was already mentioned, the product obtained from the 2.0M AICh solution 
. 
was identified by XRD as pseudoboehmite. Although bayerite is the most stable 
aluminum (oxy)hydroxide phase at this temperature [16], the high AICh concentration of 
the solution clearly inhibits its fonnation. This is attributed to the high level of 
supersaturation, which, as Stranski's Rule stipulates (refer to Section 2.2.1), favours the 
nucleation of the least stable phase - in this case pseudoboehmite instead of bayerite. 
These initially unstable products are transfonned into crystalline solids during aging, 
however, the pseudoboehmite nucleated from the 2.0M AICh solution clearly did not 
have sufficient time to transfonn into a more stable phase such as bayerite within the 
standard 24 hour aging time which was allotted. It is interesting to note that when a 
second test was perfonned with the 2.0M AICh solutions but this time neutralized to an 
OH/Al ratio of 3.15, the final product remained poorly crystalline boehmite. While in the 
0.5M AICh, 22°C system (refer to Table 2), increasing the OH/Al ratio from 3 to 3.15 
favoured the fonnation of bayerite at the expense of pseudoboehmite, the same was not 
true in this case. 
The crystal structure of the solids precipitated from various AICh solutions at 
60°C was identified by XRD analysis, and subsequently confinned using Raman 
spectroscopy whose results are presented in Figure 21. According to literature 
values [45], the precipitate obtained from the di lute system is indeed pure bayerite due to 
the characteristic bands located at 898, 866, 545,434, 388, 322, 292, 250 and 239 cm- l . 
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Upon increasing the initial aluminum concentration to 2.0M, pseudoboehmite 
was precipitated as is evident from the characteristic bands matching those ofboehmite at 
674, 495 and 360 cm- l . The neutralization of the AICh solution having the standard 
0.5M concentration yielded a mixture predominantly consisting of bayerite and to 
pseudoboehmite. Once again, the XRD reflections corresponded to the results obtained 
by Raman spectroscopy as these precipitates exhibited the characteristic bands ofbayerite 
along with the 360 cm- l band associated with boehmite (and by extension, 
pseudoboehmite ). 
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Figure 21. Raman spectroscopy of samples precipitaïed from solutions having initial 
concentrations ofO.05M, O.5M and 2.0M AICh neutralized to OWAI ratios of3 at 60°C. 
The titration curves for various AICh concentration solutions at 95°C are shown 
in Figure 22. The curves exhibit the same features as those which were discussed for 
experiments conducted at 60°C (refer to Figure 17), except for a shi ft to lower pH. 
However, despite the similarities between the titration curves, in this case, totally 
different solid products were obtained. Regardless of the initial aluminum concentration, 
the resulting phase upon neutralizing the AICh solutions to an OH/Al ratio of 3 and 
24-hour equilibration at 95°C was always crystalline boehmite, as seen in Figure 23. A 
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SEM image of the particle morphology of the boehmite product obtained from the dilute 
solution is presented in Figure 24. 
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Figure 22. Titration curves for AICh solutions ofvarying concentrations with NaOH, at 
95°C. 
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Figure 23. XRD patterns of solids precipitated at OH! Al ratio of 3, from aluminum chloride 
solutions of varying concentrations at 95°C after 24-hour equilibration. 
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Figure 24. SEM image of boehmite mate rial precipitated from O.05M AICh solution at 
OH/AI ratio of 3, at 9SoC after 24-hour equilibration. 
A summary of the phases produced from solutions ofvarying AlCb concentration 
are presented in Table 3. 
Table 3. Summary ofaluminum (oxy)hydroxide phases precipitated following the 
neutralization of AICh solutions of variable concentration with SN NaOH at OH/AI ratio of 
3 and ditTerent tempe ratures after 24 hours of aging. 
Temperature 
OHIAI 22°e 600 e 95°e 
0.05 Pseudoboehmite Bayerite Boehmite 
0.5 Pseudoboehmite Bayerite Boehmite (minor PSB) 
2.0 Pseudoboehmite Pseudoboehmite Boehmite 
4.1.4 TGA Characterization 
Thus far, the various hydrolysis products were characterized principally with the 
aid of XRD. Given the fact that different phases were produced of varying degrees of 
crystallinity, it was decided to further characterize the precipitates by thermogravimetric 
analysis. TG analysis, through weight-loss curves, can provide information in terms of 
the percent Al content of the precipitates (refer to Section 3.4.7), but also in terms of the 
degree of crystallinity of the precipitates. The TGA curves obtained from the precipitates 
produced at different initial AlCb concentrations and subsequently those obtained at 
different temperatures (i.e. 22, 60, 95°C) are presented in Figure 25 and Figure 26 
respectively. 
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Figure 26. Thermogravimetric Analysis of solids precipitated from O.5M AICh solutions by 
5N NaOH at OH/Al ratio of3 at various temperatures. 
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According to the TGA curves presented in Figure 25, the bayerite material formed 
from the dilute solution exhibited excellent crystallinity as it can be deduced from the 
. 
sharp drop in weight between 240 and 300°C. The degree of crystallinity appears to 
decrease with increasing AICh concentration. The shape of the TGA curve for the 0.5M 
material is similar to that of the 0.05M material, as the precipitate contains primarily 
bayerite with a minor fraction ofpseudoboehmite (as detected by XRD analysis - refer to 
Figure 18). On the other hand, the 2.0M material identified as pseudoboehmite by XRD 
exhibited an almost continuous weight-Ioss characteristically associated with poorly 
crystalline phases [46]. 
The aluminum content in each of these samples is provided in Table 4. The 
fraction of aluminum contained in each of the samples c1early correlates to the aluminum 
(oxy)hydroxide phases precipitated from each of the concentrations studied. 
Table 4. Aluminum and adsorbed water content of solids precipitated at various AICh 
concentrations and temperatures. 
T (OC) [AICI31 (moIlL) Phase %AI % Free H20 
60 0.05 Bayerite 34.9 1.75 
60 0.5 Bayerite + PSB 38.6 3.51 
60 2.0 PSB 41.6 6.98 
22 0.5 PSB 41.1 7.86 
95 0.5 Boehmite 43.5 2.90 
The bayerite material formed from the di lute solution was found to contain 34.9% 
aluminum, almost identical to the theoretical value of 35% for crystalline AI(OH)3. On 
the other hand, the pseudoboehmite material precipitated from the 2.0M AICh solution 
contained 41.6% aluminum, a value significantly lower than the 45% expected from 
crystalline boehmite (AIOOH). The decreased aluminum content is due to the presence 
of excess water in the crystal structure which explains why in sorne literature [42], the 
formula AIOOH·H20 is used to describe pseudoboehmite, while elsewhere, it is reported 
that pseudoboehmite can contain up to 5 moles of water per mole of Ah03 [9]. It is 
interesting to note that the pseudoboehmite material produced from O.5M AICh solutions 
at 22°C contained approximately the same amount of aluminum as the pseudoboehmite 
material obtained from 2.0M AICh solutions at 60°C (refer to Table 4). Upon elevating 
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the temperature to 95°C, the crystallinity of the material identified as boehmite by XRD 
(refer to Figure 10) improved, as indicated by the aluminum content of 43.5% (which 
remains below the theoretical value of 45%) and the change in shape of the weight loss 
curve as shown in Figure 26. 
Returning to the bayerite product obtained from 0.5M AlCh solution at 60°C, as 
demonstrated by Table 4, its percent Al content was 38.6%, higher than the theoretical 
value for pure bayerite (35%). This higher aluminum content in the precipitated product 
can be attributed to the minor fraction of pseudoboehmite whose presence was previously 
identified by XRD analysis, in addition to bayerite. The relative fractions of bayerite to 
boehmite can be determined by the following formulas which were developed based on 
the characteristic weight-loss exhibited by each ofthe two phases [43]. 
Bayerite (%w/w) = 100'&n(150_390oq/31 
Boehmite (%w/w) = 100'[ &n(390_56ooq-0.03(%bayerite )]/15 
Eq.19 
Eq.20 
However, due to the fact that the precipitated bayerite and boehmite 
(pseudoboehmite) phases were not perfectly crystalline, the bayerite and boehmite 
fractions calculated were subsequently treated as a ratio of the two phases contained in 
the precipiate. According to this method, the solids contained approximately 20% 
pseudoboehmite and 80% bayerite. If both of these phases were crystalline, the average 
aluminum content of the mixed solids would be equal to 37%, while 38.6% was 
ca1culated using the method described in Section 3.4.7. 
It is interesting to note from the percent free water reported in Table 4, that the 
affinity of these solids for water appears to be a fuhction of their crystallinity. Pure 
bayerite produced from 0.05M solution at 60°C exhibited a low level of adsorbed free 
water, 1.75%, while the mixed bayerite and pseudoboehmite product obtained from 0.5M 
AlCh solutions contained 3.51 % free water. Further increasing the AlCh concentration 
to 2.0M yielded pseudoboehmite which exhibited a significant free water content of 
6.8%. A similar trend was observed when changing the temperature at which the solids 
were precipitated. Pseudoboehmite obtained at 22°C contained close to 8% free water 
indicating that significant quantities of water were adsorbed on the precipitates even after 
several cycles of washing and even once they were dried. The lower moisture content, 
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2.9%, of the boehmite precipitated at 95°C suggests that increasingly crystalline solids 
become less hygroscopie. 
4.1.5 Phase Transformation - Crystallization 
As discussed in Section 4.1.1, the initially precipitated aluminum (oxy)hydroxides 
were essentially amorphous. This necessitated the adoption of a 24-hour equilibration 
treatment of the solids obtained by neutralization of AICh solutions following the end of 
base addition as a means of promoting their crystallization via phase transformation. In 
this section, the evolution of the fresh precipitates is closely examined via the analysis of 
samples collected at different aging times under different temperature and OH/Al ratio 
conditions. 
Samples collected in the 22°C case indicated that the initially precipitated 
amorphous phase quickly transformed into pseudoboehmite within 30 minutes of aging 
and was the phase which persisted until the end of the 24 hour aging treatment. The pH of 
the solution decreased with time during this period from 9.6 to 8.9. While all other tests 
were completed after 24 hours, this particular slurry. was transferred to a magnetically 
stirred flask and allowed to age further in order to determine the stable phase of 
aluminum (oxy)hydroxide formed in an aqueous environment at ambient temperature. 
The results of continued aging on the solids produced at 22°C at an OH/Al ratio 
of 3 are illustrated in Figure 27. The XRD results indicate that the pseudoboehmite 
phase formed during the initial 24 hour aging period began to transform into crystalline 
boehmite over time (as is evidenced by the development of higher and sharper peaks). 
However, in addition to the crystallization of pseudoboehmite into boehmite, it appears 
that bayerite also began to form after 10 days of aging. This parallel dual-phase 
crystallization was somewhat unexpected as it has been postulated that bayerite, AI(OH)3, 
is more stable than AIOOH in ambient temperature aqueous environments [21]. It is 
therefore difficult to say whether AI-OH-Allinkages are more stable than their AI-O-AI 
counterparts in aqueous alkaline solutions. The simultaneous development of boehmite, 
AIOOH, in addition to bayerite, AI(OH)3, in this stlldy was perhaps due to the saline 
nature of the solution which tends to favour pseudoboehmite formation [21]. 
49 
4500 
4000 Boehmite 
3500 
3000 
1/1 2500 
-c 
:::1 
0 2000 () 
1500 
1000 
500 
0 
10 20 30 40 50 60 70 80 
Angle (29) 
Figure 27. Effeet of aging on solids precipitated from O.SM AICh, O.lM HCI solutions by 
ad ding SN Na OH to OH/Al ratio of 3 at 22°C. 
When the temperature of reaction was raised to 60°C, the kinetics of 
transfonnation of amorphous phases into crystalline products were significantly 
improved. In this case, the initial precipitate obtained immediately following the end of 
base addition appeared to be amorphous AI(OH)3 which progressively converted to 
bayerite as can be observed from the diffraction patterns obtained by XRD presented in 
Figure 28. The diffraction pattern from the precipitate aged for 24 hours consists of very 
well-defined, tall, thin peaks, and clearly demonstrates the presence ofbayerite as well as 
pseudoboehmite, despite the fact that the initial precipitate had only broad peaks 
corresponding to amorphous bayerite, AI(OH)3. Furthennore, a minor peak found at 29 
equal to 17.5° in samples taken after 4 and 8 hours of aging suggests that a small fraction 
of gibbsite may have also been present, however, it was not identified during the analysis 
of the XRD pattern of the final sample aged 24 hours. The final composition of the solids 
aged for 24 hours contained only bayerite and pseudoboehmite. Once again, it was 
observed that throughout the equilibration period, the solution pH continued to decrease 
with time, from 8.8 at the end ofneutralization down to 7.8 after 24 hours ofaging. 
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Figure 28. Effect of aging time on solids precipitated from O.5M AlCh solution at OH/Al 
ratio of 3 and at 60°C. 
The weight 10ss as a function of increasing temperature for the solids precipitated 
and aged between 0 and 24 hours from O.5M AICh solutions at 60°C was determined by 
thermogravimetric analysis. The X-ray diffraction patterns of these samples (refer to 
Figure 28) indicate that bayerite began to form at 2 hours of aging. The formation of a 
new crystalline phase at the 2 hour mark as exhibited by XRD is further confirmed upon 
examining the first derivative curves of weight-Ioss with respect to increasing 
temperature, as presented in Figure 29. 
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The samples taken after 0, 1/2 and 1 hour of aging show one maximum at 200°C, 
while those taken after 2, 4, 8 and 24 hours indicate that this peak diminishes as bayerite 
forms and a new peak appears at 260°C, whose intensity increases with increased aging 
time, and therefore, increased fraction of bayerite. Generally, it would be expected that 
solids are more stable with increasing aging time, and therefore can sustain higher 
heating temperature before exhibiting weight-loss. However, despite the improvement in 
crystallinity seen by X-ray analysis, the TGA curves in Figure 30 show that the resistance 
of the solids to heating decreased with aging up to 2 hours, while Figure 31 demonstrates 
an increase in resistance with time beyond this point to the end of aging at 24 hours. 
According to Stranski's role, the least thermodynamically stable phase precipitates from 
solution first, which in this case, was an amorphous aluminum hydroxide. The 
prolonged aging of the precipitates allows for the initially amorphous product to undergo 
a dissolution-recrystallization mechanism [29] in order to form a more stable compound, 
in this case, bayerite. Essentially, from 0 to 2 hours, the solids appear to be 
deteriorating, apparently because during this time, dissolution dominated. Continued 
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aging allowed for the crystal structure of bayerite to develop further as recrystallization 
progressed and solute became incorporated into the crystal. 
The formation of crystalline products depends of the kinetics of the dissolution-
recrystallization process of the poody ordered phase initially formed. At 22°C, the 
kinetics are poor and therefore transformation was slow. By raising the reaction 
temperature to 60°C, this transformation mechanism was accelerated resulting in bayerite 
formation beginning within 2 hours of aging versus 10 days at 22°C. 
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Figure 30. TGA measurements for solids formed 0-2 hours at OH/Al ratio of3 at 60°C. 
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It is important to note that although the solids produced after 24 hours appear by 
their XRD patterns to be fairly crystalline in nature, they may still contain a significant 
amorphous content. Using the procedure outlined in Section 3.4.7, the aluminum content 
of the precipitates obtained at different aging periods was determined and is presented in 
Table 5. 
Table 5. Aluminum and water content of precipitates formed from O.5M AICh solutions 
neutralized to OWAI of3 and aged at 60°C. 
Aging tirne %Al % Free water ( hrs) 
0 38.7 3.80 
0.5 38.5 4.12 
1 38.6 4.06 
2 38.7 5.46 
4 39.2 4.46 
8 38.3 4.38 
24 38.6 3.51 
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While the XRD patterns of the precipitated powders suggest that the crystal 
structure was changing significantly throughout the aging process, the fraction of 
aluminum contained in the solids remained nearly constant. This result is rather difficult 
to explain as amorphous structures should contain 'more water than their crystalline 
counterparts. 
While clear evidence of the formation of bayerite in the system neutralized to an 
OH/Al ratio of 3 appeared after 2 hours of aging, precipitation at a higher OH/Al ratio of 
3.15 showed that much less aging time was necessary to produce weIl crystallized 
bayerite particles, as seen in Figure 32. It appears that by increasing the pH of the 
solution through the addition of excess base, the formation of bayerite was accelerated 
and the simultaneous formation of pseudoboehmite, which was observed at lower OH/Al 
ratios was eliminated. 
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Figure 32. XRD patterns of solids precipitated from 0.5 M Al solution at 3.15 OH/Al ratio 
at 60°C. 
As was previously discussed, the transformation of the initially amorphous solids 
most likely occurs by a dissolution-recrystallization mechanism. The formation of 
bayerite from AlCh solutions neutralized to an OH/Al ratio of 3 was accelerated by 
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increasing the temperature of reaction from 22 to 60°C or by increasing the OH/Al ratio 
to 3.15. 
Upon increasing the reaction temperature to 95°C, poorly crystalline boehmite was 
the initial phase formed upon completion of neutralization, which subsequently converted 
to crystalline boehmite rather quickly as seen in Figure 33. 
After 2 hours of aging at 95°C, the boehmite precipitated was already well defined; 
but even so, the structure continued to become more defined with further aging to 24 
hours as seen in Figure 33. 
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Figure 33. Effect of aging time on solids precipitated from O.5M AICh solution at OH/Al 
ratio of 3 and at 95°C. 
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4.2 The AICh-MgCh/NaCI-H20 System 
Experiments similar to those discussed in the previous section were performed in 
the presence of various background salts, namely MgCb and NaCl. Both NaOH and 
MgO were used as neutralization agents. The objective of these tests was to determine 
the influence of chloride salt background electrolytes, which may be present in industrial 
solutions, on the precipitation of aluminum (oxy)hydroxide phases. 
4.2.1 Type of Base 
The neutralization of aluminum chloride solutions was carried out through the 
addition of three bases: sodium hydroxide (NaOH), dry magnesium oxide (MgO) and 
slaked magnesium oxide (MgO + H20). 
Precipitation curves for the neutralization of both pure AlCh and mixed AlCh-
MgCb solutions were generated and compared in Figure 34. 
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Figure 34. Precipitation curves obtained at 95°C via the graduaI addition of base to 
aluminum chloride solutions. From left to right: (1) AI~Mg-HCI solution neutralized using 
dry MgO, (2) AI-Mg-HCI solution neutralized using 5N NaOH or slaked MgO, (3) AI-HCl 
solution neutralized using 5N NaOH. 
According to the data presented in Figure 34, the precipitation of aluminum 
appears to occur at different pH ranges depending on the type of base used and on 
solution composition. In the pure AlCh solution (curve 3), aluminum appears to 
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precipitate at pH between 4 and 5 which superficially agrees with the solubility diagram 
constructed for AI(OH)3 at 25°C (refer to Figure 3). In the presence of magnesium 
chloride, the pH of aluminum precipitation when neutralizing with sodium hydroxide 
(curve 2 .A) was shifted significantly to pH values between 2.9 and 3.8. When titrating 
an identical mixed AICh-MgCh solution using dry MgO (curve 1), the pH of aluminum 
precipitation was further decreased to values between 1.4 and 2. While the presence of 
magnesium chloride influences the activity of protons [31] and thus the apparent pH of 
precipitation, the effect of the type of base used is less obvious. Hence, it was undertaken 
to re-evaluate these data by considering the corresponding titration curves which are 
shown in Figure 35. 
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Figure 35. Titration curves for O.5M AICl3 - 2.0M MgCh solutions neutralized using 5N 
NaOH (above) and dry MgO (below) at 95°C. 
It can be deduced from these curves that the pH range of precipitation from the 
curves presented in Figure 34 correspond to an OH/Al ratio of approximately 2.5 to 2.7, 
independent of the composition of the solution and the type of base used. This OH/Al 
range corresponds to the same range that was determined for precipitation from pure 
AICh solutions (refer to Figure 9). 
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Curves 1 and 2 in Figure 34 represent the precipitation of aluminum from 
identical starting solutions, however, the type ofbase used (dry MgO • vs. 5N NaOH ~) 
caused the pH at which precipitation occurred to shi ft quite significantly. As was 
previously discussed, when using dry MgO, aluminum precipitated at low pH between 
1.4 and 2, while it was found that following the exact same procedure using 5N NaOH 
yielded precipitation at pH between 2.9 and 3.8. This significant shift in pH, judging 
from the lowering of the initial D.5M AICh concentration was suspected to be due to the 
excess water introduced into the system by the water-based sodium hydroxide base. In 
order to test this hypothesis, a slurry of MgO was prepared to give an equivalent solution 
of 2.SM Mg(OH)z in order to provide the same rate of OH addition as that of the SN 
NaOH base. Upon comparing the precipitation curves (curves 2, ~ NaOH and 
• Mg(OH)2), the slaking ofMgO produced the same precipitation curve as that ofNaOH, 
thus c1early demonstrating that the amount of water (or indirectly the AICh 
concentration) has an important impact on the precipitation pH. It was for this reason 
that the OH/Al ratio was adopted to describe the neutralization-precipitation results so 
better comparisons among the different systems could be made. 
It is interesting to note that throughout neutralization, samples were collected for 
analysis to determine the aluminum concentration with increasing pH. The samples 
collected after filtration at 95°C were perfectly c1ear, however, upon cooling to room 
temperature and after several days, the collected liquor became turbid and apparently 
colloidal solids formed, transforming the once liquid sample into a solid gelatinous mass . 
. 
The formation of gels in the cooled samples only occurred in samples taken from the 
mixed AICh-MgCh system. 
4.2.2 Solution Chemistry 
The precipitation curves presented in Figure 34 c1early showed that the presence 
of MgCh in solution led to a significant decrease in the pH of aluminum precipitation 
upon neutralization. 
In ideal solutions (i.e. in dilute solutions), pH, which is a measure of the activity 
of hydrogen ions in solution, becomes equal to the negative log of their concentration. 
However, in concentrated solutions, as was discussed earlier in Section 2.7.5, the addition 
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of salts to acidic solutions greatly impacts the solution chemistry by increasing the 
activity of protons. 
In order to determine the effect of the addition of a background e1ectrolyte on 
aluminum precipitation, its effect on the solution chemistry was examined by determining 
the free acidity by titration. Identical solutions containing equal amounts of aluminum 
chloride (O.5M) and hydrochloric acid (O. lM) and varying magnesium chloride 
concentrations (0, 0.5 and 2.0M) were titrated using NaOH both with and without 
ethylenediamine tetra-acetic acid, hereafter referred to as EDTA. This che1ating agent is 
widely used to complex di- and trivalent metal ions in aqueous solutions [47]. The 
titration procedure is described in Appendix D. The purpose of the titrations was to 
determine the free acidity of the solutions, and the resulting curves for mixed AICh-
MgCh solutions with and without EDTA are presented in Figure 36. 
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Figure 36. Titration ofmixed aluminum-magnesium chIo ride solutions with NaOH to 
determine free acidity, both with and without EDTA. 
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4.2.3.1 Titration with EDTA 
The complexation of soluble metal ions by EDTA is meant to prevent their 
precipitation and the associated generation of protons, during titration; thus, the base 
introduced is consumed only by the free acid contained in the solution consisting of 
protons from the initial HCI present and those generated by the partial hydrolysis of 
aluminum ions: AI(OH)n (3-n)+. Complexation of A13+ with EDTA prevents any futher 
hydrolysis which leads to precipitation of hydroxides when the solution in titrated with a 
base. Equation 21 illustrates the behaviour of aluminum during hydrolysis at low pH, 
when EDT A is added. 
AI3+(aq) + nH20 - AI(OH)n (3-n)\aq) + nH+ Eq. 21 
The titration of the EDTA-complexed solutions revealed that regardless of the 
concentration of MgCh present in the AICh solution, the amount of NaOH needed to 
reach the equivalence point (pH = 6.4) was an identical 0.6 moles. Taking into account 
the 0.1 mol of HCI (per L of solution) initially added to acidify the solution in order to 
prevent premature hydrolysis of aluminum, an additional 0.5 mole of H+ were produced 
from the reaction proposed in Eq. 21. This means that 'n'in Eq. 21 is equal to 1 since 
0.5M AICh was used in aIl of these solutions, and thus, independent of the amount of 
MgCh, they each contained the same type of aluminum hydrolysis species, namely 
AI(OHi+. This finding is in agreement with speciation results which have been 
published elsewhere [13,16,17]. 
4.2.3.2 Titration without EDT A 
Titrations of these same aluminum-magnesium chloride solutions were carried out 
in the absence of EDT A. Because the aluminum ions were not complexed in this series 
of titration tests, they were free to precipitate as solid aluminum (oxy)hydroxides. The 
precipitation of aluminum hydroxides results in the release of additional protons into 
solution as seen in Eq. 22. 
Eq.22 
Therefore, solutions in which aluminum is allowed to precipitate require a higher 
volume of base than complexed solutions in order to reach the equivalence point as is 
illustrated in the titration curves presented in Figure 36. As for the complexed solutions, 
the amount of NaOH required to reach the equivalence point was nearly identical for an 
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solutions independent of the background MgCb concentration. This equivalence point 
was between 1.5 and 1.6 moles of NaOH per litre of solution. Accounting for the 0.1 
moles corresponding to the HCI initially added, approximately 1.5 moles of protons were 
generated by the hydrolysis of aluminum and subsequently neutralized during titration 
with sodium hydroxide. These numbers suggest that the mother liquor generates 3 moles 
of protons for every mole of aluminum initially present, which is consistent with the 
stoichiometry ofEq. 22. 
4.2.4 Precipitation Products 
As was discussed earlier in Section 4.1, in the absence of an added background 
electrolyte, the formation of crystalline aluminum hydroxide can be inhibited by simply 
increasing the starting concentration of aluminum chloride. This was interpreted in terms 
of increased levels of supersaturation leading to the formation of poorly crystalline 
precipitates as a consequence of Stranski's role. Since industrial solutions contain 
additional saIts besides AlCh, an investigation of their effect on aluminum 
(oxy)hydroxide crystallization was considered important. Limited information in this 
regard exists in literature, however, according to one report, the addition of NaCI during 
the ambient temperature precipitation of aluminum encourages the formation of 
pseudoboehmite over bayerite [28]. In order to investigate these salt-effects, a series of 
tests, summarized in Table 6, were carried out. 
Table 6. Conditions for tests performed with varying degrees of added background 
electrolytes. 
Test [AICh] [MgCh] [NaCI]* [HCI] (mol/L) (mol/L) (mol/L) (mol/L) 
1 0.5 - - 0.1 
2 0.5 0.1 - 0.1 
3 0.5 0.5 - 0.1 
4 0.5 2.0 - 0.1 
5 0.5 - 0.5 0.1 
6 0.5 - 2.0 0.1 
7 0.5 - 4.0 0.1 
*Note: The [NaCl] refers to the sodium present in the mother solution from NaCI 
addition, it does not take into account the NaCI being formed due to the addition of 
NaOH as base. 
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Magnesium and sodium chloride were added in various quantities to aluminum 
chloride solutions in order to determine the concentration threshold at which they begin 
to interfere with the precipitation of crystalline aluminum (oxy)hydroxide phases. Due to 
the excellent results obtained in the pure AICh system at 60°C, this was the temperature 
chosen for the majority of tests in this series of experiments along with an OH/Al ratio 
of 3.15. 
4.2.4.1 Effeet of Magnesium Chloride 
The titration curves obtained from the neutralization of mixed AICh-MgCh 
solutions are presented in Figure 37. The pH profile as a function of the OH/Al ratio 
changed drastically as the amount of magnesium chloride salt added to the aluminum 
system increased. In the case of the pure AlCh system, a large shoulder was observed in 
the titration curve at an OH/Al ratio of approximately 2.5 and was discussed in 
Section 4.1.1. The addition of MgCh to the solution appears to diminish its size 
significantly or removes it completely with increasing concentration. 
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Figure 37. Titration curves for the neutralization of mixed O.5M AlCh - MgClz solutions 
containing increasing MgClz concentrations using 5N NaOH at 60°C. 
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The loss of the characteristic shoulder could be due to the high hydration number 
associated with magne sium, which leads to a significant drop in water activity [31]. In 
addition to decreasing the water activity, MgCh is known to increase the activity of 
protons in solution, significantly altering the solution chemistry [31]. This latter effect 
resulted in the decrease of the terminal pH of the solutions following neutralization to an 
OH/Al ratio of 3.15 with increasing MgCh concentration. Thus, for the four MgCh 
concentrations tested, i.e. 0, 0.1, 0.5 and 2.0 mol/L MgCh, the final pH was 9.5, 7.6, 6.6 
and 5.6, respectively. While the titrations of these solutions with EDTA indicated that 
the addition of magnesium chloride does not generate additional free acidity in the 
starting aluminum chloride solutions, the added salt clearly has an effect on the pH of the 
system by increasing the activity of the protons present and possibly through the 
generation of protons through the co-precipitation of magnesium with aluminum. 
It is recalled that the precipitates obtained from the pure AICb at OH/Al ratios of 
3 or higher at 60°C were predominantly made up of crystalline bayerite, Al(OH)3. 
However, in the case ofMgClz-containing solutions, it was observed that the crystallinity 
of the resulting precipitates was greatly reduced as seen in Figure 38. Low MgCh 
additions of O.lM resulted in the precipitation of poorly crystalline bayerite while 
increasing the background concentration of MgCh to 0.5M rendered the solids 
amorphous. At high MgCh concentration (2.0M), the XRD analysis identified the 
precipitate as mixed aluminum-magnesium-hydroxide hydrate, whose molecular formula 
is Mg6Ah(OH)ls.4.5HzO whose reference pattern is presented in Appendix B. A TEM 
image of this complex material which proved to be amorphous according to its diffraction 
pattern is shown in Figure 39. Although it was found when working with pure AICh 
solutions at 60°C that an increased OH/Al ratio improved the crystallinity of the solids, 
this did not prove to be effective in the mixed O.5M AICh- 2.0M MgCh system when an 
OH/Al ratio of 3.45 was tried. Even at this high OH/Al ratio, the pH of the solution did 
not substantially increase (5.6 to 5.8), while a higher quantity of magne sium was most 
likely precipitated. 
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Figure 38. X-ray diffraction patterns for solids preeipitated from aluminum ehloride 
solutions eontaining varying amounts of MgClz at 600C and an OH/AI ratio of3.IS. 
Figure 39. TEM images and diffraefion patterns of solids preeipitated from O.5M AlCh 
solutions eontaining OM MgCI1 (above), and O.SM MgCll (below) at OH/AI ratios of3.1S, 
at600C. 
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4.2.4.2 Effeet of Sodium ChIo ride 
In addition to studying the effect of magnesium chloride as a background 
electrolyte on the precipitation of aluminum (oxy)hydroxides, sodium chloride was also 
investigated. The neutralization of the mixed AICl)-NaCI solutions exhibited similar 
behaviour to the AICl)-MgCh system in terms of their titration curves, as can be seen in 
Figure 40. Once again, the shoulder in the titration curve disappeared upon increasing 
the concentration of the background salt; however, in this case, the terminal pH did not 
seem to change as significantly with increasing NaCI concentration. 
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Figure 40. Titration curves for the neutralization of O.SM AICh solutions containing 
increasing sodium chloride concentrations using SN NaOH at 60°C. 
In terms of the effect of NaCI on the crystallinity of the produced aluminum 
(oxy)hydroxide phases, a similar trend was observed as with the AICl)-MgCh system, Le. 
a reduction of crystallinity with increasing salt concentration. In contrast to the 
magne sium chloride system, the addition of sodium chloride did not result in mixed 
Al-Na precipitates, but rather, caused a shift from the formation of crystalline bayerite 
(DM NaCI) to a mixture of bayerite and pseudoboehmite (0.5M NaCI), pseudoboehmite 
with traces ofbayerite (2.0M NaCI) and poorly-crystalline boehmite (4.0M NaCI) as seen 
in Figure 41. A similar trend was observed as AICb concentrations were increased in the 
pure aluminum chloride system where higher salt concentrations promoted the formation 
ofpseudoboehmite over bayerite (refer to Figure 18). 
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Figure 41. X-ray diffraction patterns for solids precipitated from aluminum chloride 
solutions containing varying amounts of NaCI at 60°C and an OH/Al ratio of3.15. 
The formation of aluminum oxyhydroxide over aluminum hydroxide with 
increasing NaCl background concentration was also seen to have a negative effect on the 
settling properties precipitates, as illustrated by the settling curves presented in Figure 42. 
100 
-
80 -
..J 
E 
-1/) 
~ 60 -(5 
1/) 
CI) -.!r- 0 M NaCI 
E 40 ::J -a- O.SM NaCI 
(5 
> 
--e-- 2 M NaCI 
___ 4M NaCI 
20 
0 1 
10 100 1000 10000 
Time (min) 
Figure 42. Settling behaviour for solids precipitated from O.5M AICl3 solutions containing 
increasing concentrations of sodium ch 10 ride at OH/Al ratio of3.15 at 60°C. 
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As was described earlier in Section 4.1.3, a test was conducted in the presence of 
2.0M NaCl, but at much lower AICb concentration, name1y O.05M. The neutralization of 
this solution was carried out to an OH/Al ratio of 3. The XRD pattern for the resulting 
product, presented in Appendix D, was clearly that of bayerite, with peaks whose 
intensity matched those of the NaCl-free system. It may be concluded from this finding 
that the interference of NaCl with the crystallization of bayerite is manifested when 
working with industrially relevant AlCb concentrations (O.5M) as opposed to dilute, 
environrnentally-relevant solutions. This interference most likely stems from the high 
level of supersaturation reached when working with high AlCh concentration that leads 
to different polymerization-nuc1eation pathways. 
4.2.4 Temperature 
Neutralization experiments with the mixed AlCb-MgCh system were conducted 
at 95°C as well (in addition to the 60°C tests) in an effort to improve the crystallinity of 
the precipitate. 
The titration curve of the O.5M AlCb- 2.0M MgCh system is compared to that of 
the pure O.5M AlCb system in Figure 43. Besides the differences in shape of the two 
titration curves, the terminal pH of the two experiments was vastly altered similar to the 
observations made for the titration curves obtained at 60°C (refer to Figure 37). Thus, 
while the final pH of the neutralized pure AlCh solution was approximately 8.5, the 
addition of MgCh decreased this value to 5.3, bringing the solution into the acidic pH 
range; simultaneously, the addition of 2.0M MgCh resulted in the loss of the shoulder 
appearing at an OH/Al ratio between 2.5 and 2.7. In terms of crystallinity, no 
improvement was observed, despite the elevation of the temperature to 95°C, as 
illustrated in Figure 44. A final attempt was made to improve the crystallinity of the 
amorphous Mg-Al hydroxide hydrate by subjecting the solids generated at 95°C (by 
neutralization of a mixed O.5M AlCb - 2.0M MgCh solution to an OH/Al ratio of 3) to a 
further 24 hours of aging at 125°C in a glass autoclave. The increase in temperature did 
not significantly improve the poorly crystalline structure obtained at 95°C. 
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Figure 43. Titration curves for the neutralization of aluminum salt solutions using 5N 
NaOH both with and without magnesium chloride background at 95°C. 
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Figure 44. Effect of adding 2.0M MgCl2 to AICh solutions on the precipitated solids formed 
at OH/Al ratios of3.15 at 95°C. 
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4.2.5 Dilution 
Due to the difficulty experienced in preparing crystalline solids from the 
concentrated mixed 0.5M AICh - 2.0M MgCh solution, the liquor was diluted by a 
factor of 10, giving a starting concentration of 0.05M AICh, O.2M MgCh and 
O.OlM HCL The NaOH used for neutralization was also diluted by the same factor 
to 0.5N. An OH/Al ratio of 3 was used, and the temperature was maintained at 95°C. 
Although the magnesium-aluminum-hydroxide hydrate found in the more concentrated 
solution still formed, the experiment proved partially successful since an important 
fraction of the precipitate was identified as poorly crystalline boehmite, as seen in 
Figure 45. This improvement may have been due to the lower supersaturation level (10 
fold decrease) or due to the changes imparted by the lower MgCh content and water 
activity elevation. 
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Figure 45. The effect of dilution on the solid phases precipitated from mixed AICh-MgCh 
at OH/Al ratio of 3 solutions aCter 24 hours of aging at 95°C. 
Unfortunately, the use of dilution is not a practical option from an industrial 
processing point ofview. Hence, other means would have to be investigated to overcome 
the difficulty experienced in crystallizing aluminum (oxy)hydroxides from concentrated 
mixed solutions. 
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Chapter 5: Conclusions 
The precipitation of aluminum from chloride solutions by neutralization appears 
to be quite complex and is influenced by many parameters including the OH/Al molar 
ratio, temperature, aging time, AICh concentration and the presence of other chloride 
salts. According to titration studies, aluminum was completely precipitated from solution 
upon neutralization to OH/Al ratios of 2.7, and resulted in the formation of complex 
polymeric/amorphous hydrolysis products. Further e'quilibration-aging (typically to 24 
hours) at or above the stoichiometric OH/Al ration of 3 resulted in the formation of 
crystalline (oxy )hydroxides. The predominant phases precipitated at an OH/Al ratio of 3 
and after 24 hours of aging at 22, 60 and 95°C were pseudoboehmite, bayerite and 
boehmite, respectively. 
The crystallinity of these aforementioned precipitates was highly dependent on 
their aging time in the mother liquor. At both 22°C and 60°C, the initial solid products 
formed immediately following the neutralization of O.5M AICh solutions to an OH/Al 
ratio of 3 (using 5N NaOH), were amorphous. At ambient temperature, the amorphous 
solids transformed to pseudoboehmite within 24 hours of aging. Long-term aging of over 
10 days showed that pseudoboehmite gradually transformed partly into boehmite and 
partly into bayerite. This dual parallel crystallization process which continued for at least 
200 days - the longest time tried - has not been observed or described previously. 
The transformation of pseudoboehmite into bayerite (within the standard aging 
time of 24 hours) was found to accelerate upon raising the temperature from 22°C to 
60°C at an OH! Al ratio of 3 or by raising the latter ratio to 3.15. Thus, the final material 
after 24 hours of aging at 60°C was 100% bayerite at an OH/Al ratio of 3.15, but only 
~80% bayerite (with the remainder consisting of pseudoboehmite) at an OH/Al ratio 
of 3. A dissolution-recrystallization mechanism was postulated to govem this phase 
transformation process driven by the higher stability of the bayerite phase at temperatures 
below 80°C [16]. However, despite this increasing order of stability, bayerite was not 
observed at either 22°C or 60°C when the AICh concentration was raised to 2.0M. In this 
case po orly crystalline boehmite was produced. Changes in the polymerization process 
preceding nucleation due to the increased concentration/supersaturation and/or a 
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reduction in water activity may have been responsible for this altered crystallization 
sequence. 
At 95°C, independent of the OH/Al ratio (~3) and AICh concentration (0.05 to 
2.0M), boehmite always formed. This finding is in agreement with the order of stability 
of aluminum oxyhydroxides at temperatures above 80°C [16]. The crystallinity of 
boehmite formed at 95°C was less dependent on aging time, as the initially formed solids 
consisting of poorly crystalline boehmite rapidly transformed into boehmite within 2 
hours. These solids did, however, show improvement in crystallinity with additional 
aging to 24 hours. As expected, the aging time necessary to develop the crystallinity of 
the solids decreases with increasing temperature. The boehmite precipitated at 95°C 
appeared to go unchanged upon addition of excess base to an OH/Al ratio of 3.15. 
Despite the excellent crystallinity of the boehmite precipitate, it exhibited extremely poor 
dewatering characteristics with a settling rate of essentially zero, as opposed to the 
bayerite product obtained at 60°C that settled within 1 week to a - 30 wt.% slurry. 
The presence of a concentrated background of chloride salt, either MgCh or NaCI, 
was found to significantly interfere with the crystallization of the aluminum 
(oxy)hydroxide precipitates, with the most staggering impact recorded by MgCh. While 
the neutralization of 0.5M AICh solutions to an OH! Al ratio of 3 at 60°C yields bayerite, 
the addition of increasing concentrations of sodium chloride inhibited its formation. At a 
low NaCI concentration of 0.5M, a mixture of bayerite and pseudoboehmite was 
precipitated. Further increases in the concentration ofNaCI to 2.0M and 4.0M resulted in 
the formation of pseudoboehmite, with traces of bayerite still detected in the 2.0M case. 
Clearly, the presence of sodium chloride prevents the formation of aluminum hydroxide 
from 0.5M AICh solutions. The same is not true when the AICh concentration is low 
(0.05M). In this case, bayerite still formed, even in the presence of 2.0M NaCl. 
In the case of magnesium chloride, poorly crystalline bayerite was obtained only 
at MgClz concentrations lower than O.lM. Upon increasing the salt concentration to 
0.5M and 2.0M MgCh, no formation of simple (even poorly crystalline) aluminum 
(oxy)hydroxides was possible throughout the entire range oftemperatures up to 95°C and 
OH/Al ratios up to 3.15 that were investigated. Instead, a complex poorly crystalline 
magnesium-aluminum-hydroxide hydrate, identified by XRD analysis as 
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Mg6Ah(OH)ls·4.5H20, was formed. Attempts to improve its crystallinity or to better 
promote its transformation to simple aluminum (oxy)hydroxide by raising the OH/Al 
ratio to 3.45 (at 95°C) or aging at 125°C for 24 hours were not successful. However, 
upon diluting the starting solution by a factor of 10 (O.05M AICh - O.2M MgCh) and 
maintaining a reaction temperature of95°C, a mixture ofpoorly crystalline boehmite and 
poorly crystalline Mg6Ah(OH)ls·4.5H20 was precipitated, most likely due to a reduction 
in supersaturation. 
The drastic effect of MgCh on the precipitation-crystallization behaviour of 
aluminum may be linked, at least in part, to solution chemistry changes due to its known 
effect of increasing the activity of protons and lowering the water activity of the system. 
Upon neutralizing MgCh containing solutions to an OH/Al ratio of3.15 at 60°C, the final 
solution pH was indeed observed to decrease significantly with increasing MgCh 
concentration. Furthermore, at high leve1s of MgCh addition (2.0M), the characteristic 
titration curve shoulder typically observed at an OH/Al ratio of2.5 disappeared. The loss 
of the pH plateau was also observed in AICh systems to which 4.0M NaCI was added. In 
contrast to the AICh-MgCh system, the final solution pH did not decrease significantly 
with increasing NaCI concentration. 
Further work is required to understand the complex behaviour of the mixed 
AICh - MgCh system and to advance means that promote crystallization of 
magnesium-free aluminum oxyhydroxides. 
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Appendix A - Titration Curves 
Experiments eonsisting of the titration of aluminum ehloride by a base were 
earried out at three temperatures: 22, 60 and 95°C. Although identieal mother solutions 
and volumes of base were mixed for the various tests, the final pHs of the resulting 
slurries were greatly varied, demonstrating the strong effeet of temperature on pH. As 
shown below, the titration eurves for eaeh temperature are visibly different. 
Besides having dissimilar start and end pH, the shapes of the eurves differ as well. 
Both the 60°C and 95°C exhibited a shoulder near OH! Al ratios of 2.5-2.6, while the tests 
eondueted at ambient temperature did not. The loss of this eharaeteristie shoulder has 
been previously attributed to the formation of polymerie speeies with a deereased ability 
to buffer the hydroxyl ions being added to the system [28] when studying the effeets of 
mixing on the precipitation of aluminum. Following this logie, it is possible that the 
titration of aluminum ehloride solutions at ambient temperature led to the formation of 
polymerie species, while higher temperatures inhibited their formation. 
::r: 
c. 
-0.5 
10 
9 
8 
7 
6 
5 
4 
3 
2 
~ 
0 0.5 1 1.5 2 2.5 3 
OH/AI ratio 
Titration curves obtained from the neutralization of 0.5M AICh, O.lM HCI solutions at 
various tempe ratures (22, 60 and 95°C). 
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Appendix B - XRD reference patterns . 
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Appendix C - Impact of N aCI on precipitates formed at 60°C 
from dilute AICl3 solutions 
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Appendix D - Titration using MgEDTA 
Prior to titration, the solutions were prepared by adding Iml of the desired AICh-
MgCh solution to a proportional volume of a O.1M Mg-EDTA solution (pH = 6.4) The 
EDT A was added in excess, resulting in a 5 to 1 ratio of EDT A to Al. The volume of this 
solution was subsequently made up to 100mL with deionized water. Titrations were also 
carried out in the absence of EDTA for comparison purposes. In this case, the AICh-
MgCh solutions were diluted by a factor of 100 in deionized water as well. Once diluted, 
the solutions both with and without EDTA were titrated using O.IM of 0.05M NaOH 
added in 0.5mL increments. The pH was constantly monitored throughout the titrations, 
and was allowed to stabilize prior to each base addition. 
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Appendix E - Summary of neutralization tests conducted 
Test # T (OC) [AICI3] [MgClz] [NaCI] [NaOH]* r 
mol/L mollL mol/L mol/L (OH/Al) 
102 22 0.05 - - 1 3 
105 22 0.05 - - 1 3 
80 22 0.5 - - 5 2.85 
99 22 0.5 - - 5 2.85 
75** 22 0.5 - - 5 3 
81 22 0.5 - - 5 3 
94 22 0.5 - - 5 3 
85A 22 0.5 - - 5 3 
85B 22 0.5 - - 5 3+ 
85C 22 0.5 - - 5 3+ 
82 22 0.5 - - 5 3.15 
95 22 0.5 - - 5 3.15 
104 22 2.0 - - 10 3 
101 60 0.05 - - 1 3 
106 60 0.05 - 2.0 1 3 
100 60 0.5 
- - 5 2.85 
97 60 0.5 - - 5 3 
112 60 0.5 
- -
5 3 
98 60 0.5 - - 5 3.15 
113 60 0.5 0.1 - 5 3.15 
111 60 0.5 0.5 - 5 3.15 
110 60 0.5 2.0 - 5 3.15 
116 60 0.5 2.0 - 5 3.45 
120 60 0.5 - 0.5 5 3.15 
118 60 0.5 - 2.0 5 3.15 
119 60 0.5 - 4.0 5 3 
122 60 1.0 - - 10 3.15 
107 60 2.0 - - 10 3 
107B 60 2.0 - - 10 3.15 
103 95 0.05 - - 1 3 
123 95 0.5 - - 5 2.85 
77 95 0.5 - - 5 3 
109 95 0.5 - - 5 3 
108 95 0.5 - - 5 3.15 
87 95 0.5 2.0 - 5 3 
117 95 2.0 - - 10 3 
* Addition rate ~ 1 mL/min. 
** Aged 240 days in magnetically stirred flasks. 
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